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Abstract
Protein aggregation has been linked to many chronic and devastating neurodegenerative
human diseases and is also strongly associated with aging. In the case of neurodegenerative
diseases, α, β tubulins and tau proteins dissociate in a neuron cell and aggregate both intra and
extra-cellularly. Tau and tubulin aggregations were found as one of the major causes of many
neurodegenerative diseases, such as Parkinson’s, Picks, Alzheimer’s, Huntington, and Prion.
Finding the state and mechanism of protein aggregation is significant. In this work, tau and
tubulin aggregations were detected in ionic solutions using the solid-state nanopore technique.
Besides tau and tubulin, aggregations of β-lactoglobulin were characterized using solid-state
nanopore to understand amyloid plaques formation in Alzheimer’s disease. The nanopores (6-30
nm in diameter) were fabricated in a silicon nitride membrane on a silicon substrate by
combination of focused ion beam milling and ion beam sculpting. Protein molecules were
driven through nanopores by applied voltages (60-210 mV) in ionic solution (0.1M – 2M KCl).
A protein molecule passing through a pore will partially block ionic current flow through the
nanopore due to an increase in pore resistance which generates a current drop event that can be
recorded. The amplitudes of ionic current drops were proportional to the excluded volume of
protein molecules. Protein aggregations were detected by comparing the current blockage signals
of monomer and aggregated proteins. Results of this research showed that solid-state nanopores
were highly sensitive in the detection of dimeric to heptameric aggregations in ionic solutions at
different pH salt concentrations, and voltages. Protein aggregations measured using AFM
scanning were consistent with nanopore results.
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Chapter 1: Protein Aggregation
1.1 Introduction
Protein aggregation is the accumulation of protein monomers to dimer, trimmer, tetramer,
or higher-order aggregations. Protein aggregation is a major problem in the biopharmaceutical
industry. The aggregations can form at some point in manufacturing processing, such as
purification, formulation, packaging, and so on [1]. Various types of aggregation processes and
outcomes were found in a range of proteins (Figure 1.1) [2]. The structures of the aggregated
protein are dependent on the partial or full degradation of native protein structures [3][4][5].
Protein aggregations are generally two types, non-covalent and covalent. In non-covalent
aggregation, proteins bind together using electrostatic or Van der Waals forces and create
aggregates [6]. On the other hand, covalent aggregation is formed by phosphorylation, disulfide
bond, and so on [7][8].
Protein aggregations can be either reversible or irreversible based on their mechanisms of
formation. Typically, the changes in pH or ionic strength of protein solution produce reversible
aggregation [9][10]. On the other hand, irreversible aggregation is formed by some inducing
factors like stress, chemicals, temperature, and so on [11]. Protein aggregation starts with the
transformation of monomers into oligomers. Typically, oligomers are made up of dimers to Nmers where N < 100 [12]. Oligomers turn into fibrils in a mature state of aggregation. The
concentrations of amyloid peptides in vivo are in the range of nM or pM [12]. The diseases
related to protein aggregation are generally known as amyloidosis. Aggregated proteins deposit
as intracellular or extracellular inclusions and degrade biological activities in the cell [13]. Many
neurodegenerative diseases like Alzheimer’s, Parkinson’s, Huntington's, and Prion are caused by
the localized protein aggregations in neuron cells [14].
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1.2 Why Do Proteins Aggregate
Proteins are the best worker molecules in living organisms. They perform all of the
necessary and difficult functions of a living cell. Proteins are made of amino acids. There are 20
amino acids in the human body that make all the proteins. The primary structure of a protein is

Figure 1.1: Types of protein and peptide aggregations [15].

made of a linear chain of amino acids. In secondary structure, the protein undergoes selfassembly and folding to make a biologically active three-dimensional structure. In this process,
2

80% of the hydrophobic side chains are coiled into the center of the protein, and the hydrophilic
portion is exposed to the outside [15]. Protein aggregations are initiated by the misfolding of
proteins where the hydrophobic core is exposed to the outside and creates insoluble aggregates
(Figure 1.2). Typically, this process is handled by a molecular chaperone system. Sometimes, the
chaperone system fails to manage protein misfolding because there are some portions of protein
that are not re-foldable and highly insoluble [16]. There are several factors triggering protein
aggregations, such as genetic mutation, environmental influence, pH imbalance, high salt
concentration, and high temperature [17]. The aggregated proteins ultimately become toxic and
pathogenic [18].

Figure 1.2: Schematic diagram of different aggregation stages starting from ribosomal synthesis
to active quaternary structure. Misfolded proteins gradually form fibrils and toxic aggregates
[19].
3

1.3 Existing Methods for Detection of Protein Aggregation
Due to the lacking of probes to characterize and monitor protein aggregations in vitro and
in vivo, the understanding of the protein aggregation mechanism is not well established [20].
Existing analytical techniques to characterize protein aggregation have many drawbacks.
Analytical techniques like capillary electrophoresis, size-exclusion chromatography, mass
spectroscopy, and dynamic light scattering are unstable, time-consuming, and unable to provide
structural information of higher-order aggregates [21][22]. On the other hand, the fluorescence
resonance energy transfer (FRET) technique requires proteins to be labeled with fluorescent dyes
to monitor their movements in the cell [23]. The use of dye may interact with aggregates and
disrupt the aggregation process.
1.4 Solid-State Nanopore in Detection of Protein Aggregation
A solid-state nanopore is an excellent candidate for the characterization of protein
aggregation. The versatility and uniqueness of single bio-molecule detection using solid-state
nanopores are exceptional. The diameter of the solid-state nanopore is customizable using the ion
beam sculpting technique. In this method, protein molecules in salt solution are allowed to
translocate through the nanopore by applying electric potential. The molecules block the
nanopore during translocation and enhance resistivity. As a result, ionic current drops until the
molecule completely passes through the nanopore. The drop in ionic current is proportional to
the volume of the excluded molecules. The aggregation of protein molecules in ionic solution
can be characterized by measuring the current drop. The nanopore method is tag-less, real-time,
and more accurate in molecular detection. Moreover, solid-state nanopores are robust and
resistant to wide ranges of temperature, pH, salt concentration, and electric field [24][25]. One of
the major advantages of solid-state nanopores over biological nanopores is the customizability of
4

pore diameter depending on the size of the biomolecules. Because of the versatility, nanopores
have been used for protein detection [26], nanoparticle characterization [27], water purification
[28], DNA sequencing [29], energy conversion [30], nano-fluidic based logic devices [31],
biosensors, and so on.
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Chapter 2: Nanopore Classification and Fabrication
2.1 Introduction
Nanopores are very small nanometer-sized pores on either lipid membrane or solid-state
materials (e.g. silicon, glass, silicon nitride). The membrane with the nanopore is used as an
electrochemical sensor to detect varieties of biomolecules and nano-materials in an ionic
solution. There are two types of nanopores: biological nanopores and solid-state nanopores. In
this chapter, different types of nanopores and fabrication techniques will be discussed.
2.2 Biological Nanopores
Biological nanopores are made of α-hemolysin or aerolysin pore-forming proteins.
Aerolysin and α-hemolysin toxins are secreted from Aeromonas hydrophila and Staphylococcus
aureus bacteria (Figure 2.1) [32-33]. The molecular weight of α-hemolysin monomer is 33.2 kDa
[33].

Figure 2.1: α-hemolysin heptamer represented in a ribbon structure. (a) The side view of the
mushroom-shaped α-hemolysin pore, (b) top view of the pore [34].
6

Hemolysin toxin binds to the cell membrane and self-assembled to mushroom-shaped
heptamer which consists of a large vestibule and a channel made of ß strands (Figure 2.1). On
the other hand, aerolysin oligomerizes when inserting into lipid membrane to form α-hemolysinlike nanopore. The dimensions of the aerolysin pores are similar to the α-hemolysin pore but the
aerolysin pore doesn’t have a large vestibule like α-hemolysin (Figure 2.2). The diameter of both
α-hemolysin and aerolysin nanopores is ~1.5 - 1.7 nm (Figure 2.3). Because of size restriction,

Figure 2.2: Ribbon representation of aerolysin nanopore. (a) Aerolysin pore-forming after
insertion into membrane, (b) the structure of aerolysin nanopore [35].

Figure 2.3: Schematic diagram of translocation of alfa helical peptide through α-hemolysin and
aerolysin nanopores inserted into lipid bi-layer [32].
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biological nanopores cannot be used in large bimolecular experiments.
2.3 Solid-State Nanopores
Solid-state nanopores are fabricated on solid-state materials such as silicon (Si), silica
(SiO2), silicon nitride (Si3N4), graphene, and aluminum oxide (Al2O3) (Figure 2.4) [36].
Nanopores on Si substrate were fabricated by a wet etching process with the presence of
catalysts in hydrofluoric acid and hydrogen peroxide [37]. For the fabrication of SiO2 nanopores,
the first ~50 nm pore was fabricated using electron beam lithography, reactive ion etching, and
KOH etching. Then the wafer was oxidized to fabricate a ~40 nm pore. The pore was further
narrowed to the desired size using electron beam exposure [38]. Al2O3 nanopores were fabricated
using anodic oxidation on the aluminum substrate in malonic acid (H4C3O4) under a high electric
field [39]. Graphene nanopores were created on a free-standing silicon nitride membrane using
helium ion milling [40]. Si3N4 nanopores were fabricated on a free-standing silicon nitride
membrane using focused ion beam milling and ion beam sculpting techniques [41].
The fabrication techniques of solid-state nanopores can be categorized into two types:
top-down and bottom-up. Top-down involved techniques like etching, focused ion beam, and
electron beam whereas bottom-down included atomic layer deposition and shrinkage. Currently,
there exist at least seven nanopore fabrication methods where varieties of materials were used in
different techniques [42]. Some of them are briefly described here, such as anodic oxidation, ion
track etching, electron beam, focused ion beam, and ion beam sculpting. In anodic oxidation, the
array of nanopores were fabricated on an alumina (Al2O3) membrane using two-step anodic
oxidation. In the first step, a porous layer was grown on a pre-deposited oxide layer on alumina
and the oxide layer was removed after the growth. In the second step, the oxide layer was grown
again and a second anodic oxidation was performed to create the final porous alumina surface
8

(Figure 2.4 (d)) [43]. In the ion track etching method, a polyethylene terephthalate (PET) foil
was irradiated by heavy ions (Xe, Au) of energy ~109 eV. The foil was then put into etchant
chemical to fabricate a conical-shaped nanopore using the etching technique [44]. In the electron
beam technique, initial free-standing SiO2 membrane was fabricated using e-beam lithography,
reactive ion etching, and KOH etching. In the next step, ~30 nm thick free-standing SiO2
membrane was thinned to <10 nm using a focused ion beam (FIB). In the final step, the nanopore
was drilled in SiO2 membrane using electron beam using transmission electron microscopy
(TEM) [45]. The ion beam sculpting technique is similar to electron beam drilling.

Figure 2.4: TEM images of solid-state nanopores. Nanopores fabricated on (a) Si, (b) Si3N4, (c)
SiO2, (d) Al2O3, and (e) graphene [36-43].
9

In this technique, a free-standing Si3N4 membrane was formed using photolithography, reactive
ion etching, and KOH etching. In the next step, using FIB ~100 nm hole was drilled in the Si3N4
membrane. In the final step, the hole was further narrowed down to the desired size using 3 keV,
He+ ion beam sculpting [46]. All nanopores in this work were fabricated using the ion beam
sculpting technique. Details of the fabrication steps will be explained in the next sections.
2.4 Nanopore Fabrication
Nanopores were fabricated on a silicon nitride (Si3N4) membrane supported by the silicon
substrate. Silicon nitride thin films are robust, biocompatible, and homogeneous. Silicon nitride
was preferable over silicon dioxide because of its high etching rate [47]. The fabrication of
nanopore involved multiple processing steps, such as low-pressure chemical vapor deposition
(LPCVD), photolithography, focused ion beam milling, and ion beam sculpting (Figures 2.5 and
2.6).
2.4.1 Deposition of Si3N4
The fabrication of nanopores started with the deposition of silicon nitride on both sides of
a silicon substrate. The diameter and thickness of the silicon substrate were 4 inches and 380 μm,
respectively [48]. The deposition of a Si3N4 layer (~275 nm) was performed using the LPCVD
technique [49]. To strengthen the Si3N4 layer, a low-stress tensile strain of ~200 MPa was
maintained during deposition [50]. In the next step, the wafer was cleaned before
photolithography using a standard cleaning procedure. For cleaning, first, the wafer was
sonicated for five minutes with trichloroethylene then another five minutes with acetone, and
finally, five minutes with methanol. The wafer was then rinsed with DI water and dried with
nitrogen blow gun.

10

Figure 2.5: Fabrication steps of the solid-state nanopore. Drawings are not in scales.

Figure 2.6: Steps of ion beam sculpting fabrication technique. Drawings are not to scale.
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2.4.2 Photolithography
Standard photolithography techniques were used to pattern the wafer surface. In the first
step, a layer (~4 μm) of positive photoresist was deposited on both sides of silicon nitride (Figure
2.5). A mask containing hundreds of 3 mm x 3 mm structures was used to pattern one side of the
silicon nitride layer using ultra violet light exposure. Each of the 3 mm x 3 mm structures were
patterned with 40 μm x 40 μm windows. Nanopores were drilled through the 40 μm x 40 μm
windows (Figure 7, step 3). In the next step, the wafer was developed in a developer solution and
the exposed silicon nitride layer was etched using reactive ion etching (RIE). Reactive ion
etching is a dry etching completed in fluorocarbon (CF4) plasma [51]. In RIE, the etching
surface was sputtered by ion bombardment. The ions reacted with the surface and etched
exposed area in a highly directional and selective way [52]. After the vertically downward
etching of Si3N4, the structure was again dipped into KOH solution to etch the Si layer. Finally, a
freestanding Si3N4 layer was created on the bottom of the wafer.
2.4.3 Focused Ion Beam (FIB) Drilling
In the next step, a focused ion beam drilling machine (50 keV Ga+ ion) was used to drill a
~100 nm hole through the freestanding Si3N4 membrane (Figure 2.5, step 6). After FIB drilling,
the wafer was diced into 3 mm x 3 mm chips for further processing using an ion beam sculpting
system. Each of the 3 mm x 3 mm chips was imaged using transmission electron microscopy to
confirm the dimensions of the FIB hole. The shapes of the majority of FIB holes were circular,
some of them were elliptical and square. The area of the FIB hole was calculated from the
dimensions and used as an initial area for the processing in the ion beam sculpting system.

12

2.4.4 Ion Beam Sculpting System
The ion beam sculpting system used low energy helium ions (~3-5 keV, He+) for
sputtering. The sputtering process gradually narrowed the ~100 nm FIB hole to desired sizes
(Figure 2.6). The system was made of three vacuum chambers: load lock, main chamber, and ion
gun. Each of the chambers was connected to turbomolecular pumps which were connected to
roughing pumps (Figure 2.7). The roughing pumps were rotary vane pumps and they were used
to back up turbo pumps. Besides, there was a scroll pump to evacuate flow lines and load lock
during loading and unloading samples from the system. Typical pressures for load lock, main
chamber, and ion gun were 5.0x10-7 mbar, 4.0x10-8 mbar, and 5.0 x10-8 mbar, respectively. The
apparatus of the ion beam sculpting system will be briefly described in the next sections.

Figure 2.7: The ion beam sculpting system. Photo Courtesy: Ryan Rolling.
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Load Lock
The main function of the load lock was to load and unload samples from the main
chamber without disrupting the vacuum level. The load lock was made of a circular window and
a long arm. The circular window allowed the inside chamber to be tightly sealed from the outside
environment. The long arm was used to mount the sample in the main chamber. The pressure of
the load lock was maintained at 5.0x10-7 mbar. The load lock was flushed with dry nitrogen gas
during loading and unloading samples.
Main Chamber
The main chamber was a custom-made chamber with 8-inch flanges on six sides and four
additional 2.75-inch flanges on four sides. An electron gun was mounted into the main chamber
through one of the additional flanges, the other two flanges were used as a glass window to see
inside of the main chamber, and the fourth one was unused (Figure 2.7). The top flange was used
to connect all the electrical components to the main chamber to control temperature and monitor
the ion beam sculpting process. The front flange directly mounted the ion gun into the main
chamber. The opposite side flange connected the ion detection unit of the main chamber to the
power supply (Figure 2.7). There was a heater connected to the main chamber through a 2.75inch flange. The heater used a light bulb to heat the main chamber when needed. The light bulb
was controlled using a variable power supply. The other parts inside the main chamber included
the sample stage, optical components, such as the einzel lens, energy analyzer, and ion beam
detector. The pressure of the main chamber was maintained at ~5 x 10-8 mbar.
Ion Gun
The ion gun was made of filaments, ionization region, extractor, optical lens, and scan
plates. Two tungsten filaments were attached to the cylindrical grid of the ionization region.
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The filament was heated by current and the hot filament emitted electrons. The electrons ionized
incoming helium gas flowing from the tank. The extractor was made of a negative electrode that
attracted positive helium ions and accelerated to the drift tube. The ion beams were focused by
the optical lens to pass through the aperture. The scan plates were two parallel electrostatic plates
to scan the ion beam in x and y directions. The flow rate of the ion beam was controlled using a
leaking valve attached to the ion gun. The controlled parameters of the ion gun were filament
voltage, emission current, acceleration voltage, focus voltage, extraction voltage, drift, and
condensed voltage. The spot size of the ion beam was ~120 μm. The pressure of the ion gun
chamber was maintained at ~5x10-8 mbar.
Sculpting Procedures
The ion beam sculpting started with aligning the sample chip (3 mm x 3 mm) on the
sample holder using a precision alignment system. The FIB hole was aligned with the hole of the
sample holder so that ion beams were allowed to hit the Si3N4 membrane at the proper position
[53]. The sample holder with the aligned sample chip was mounted on the load lock and screwed
tightly to the long arm. Then the load lock door was closed and nitrogen flushing was turned off.
Using a scroll pump, the load lock was pumped down to 5 x 10-2 mbar. At that pressure, the
quarter-turn valve of the load lock turbo pump was opened partially. The valve was opened
completely when the pressure reached 5 x 10-4 mbar. The load lock turbo took approximately
1.30 hours to pump the load lock down to 5 x 10-7 mbar. At this point, the gate valve between the
load lock and main chamber was opened and the sample holder was mounted to the main
chamber sample stage. The gate valve between the load lock and main chamber was closed and
the scroll pump was turned on to purge the flow tubes for cleaning out the previous helium gas.
When the line pressure reached 5 x 10-2 mbar, the helium gas tank was opened and the gas
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flowed through flow tubes. Using a leaking valve, helium gas was flowed into the ion gun
chamber. An electron gun was used to passivate the surface charging effect. Continuous ion
bombardment on insulating silicon nitride left the surface positively charged. The charged
surface reduced the ion beam energy and affected the counting of ions passing through the
nanopore. As a result, the system ended up calculating an erroneous pore diameter. The electron
beams from the electron gun continuously struck the silicon nitride surface to prevent charging.
After loading the sample in the main chamber, all the necessary electrical components were
turned on. A schematic overview of the ion beam sculpting system is shown in Figure 2.8.
Using a beam alignment system, the ion beam was aligned precisely to a FIB hole on a
sample chip in the main chamber to optimize the ion bombardment in perfect position. Most of
the He+ ions were engaged in breaking Si3N4 bonding; some of them passed through the FIB
hole.

Figure 2.8: Schematic diagram of ion beam sculpting system [53].
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The ions passing through the hole were focused on by sets of einzel lenses (Figure 2.8).
The einzel lens consisted of three parallel plates, the first and last plates were grounded while the
middle one was charged with 2.35 kV. The ion beams were collimated by the electric field from
the middle plate similar to the optical lenses. In the next step, the beams reached the post einzel
deflection plates. The plates were able to deflect the beam in X and Y directions. The goal of the
deflection plates was to collimate the ion beams to the proper position of the detection unit. The
plates were maintained at a fixed potential by connecting them to the power supplies. After
passing the deflection plate the beams entered the detection unit. The detection unit was divided
into two parts: energy analyzer and channeltron [54]. The energy analyzer consisted of two
plates. The inner and outer plates were charged with -280 V and +280 V, respectively. The
energy analyzer blocked any surrounding ions and confirmed that only ions from the nanopore
were passing to the channeltron. The ions passed through the analyzer at an angle of 60° toward
the channeltron. The front side of the channeltron was charged with -1.75 keV while the back
side was grounded.
The channeltron generated secondary electron pulses when ion beams impinged on the
channeltron front surface. The amplifier then amplified the secondary pulses and sent them to the
digital ion counter. The count was recorded by the LabVIEWTM [55] program and the desired
size was calculated using a feedback control loop system. The number of ions through the
nanopore decreased with the reduction of pore size. The ion counts were used to determine the
size of the nanopore. An Excel sheet was used to calculate the threshold ion count based on
desired nanopore size. Typically, the program was stopped at 25-50 counts higher than the
calculated threshold count to avoid nanopore closure. In the last step, the nanopore was further
narrowed using the pulsing method.
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The pulsing method utilized user-controlled transistor-transistor logic (TTL) current
pulses to sputter the nanopore. Typical pulse width and frequency were 100 msec and 1 Hz,
respectively. The threshold count for this step was calculated using an Excel sheet based on the
initial pulse count and desired nanopore size. The pulsing was stopped when the threshold count
was met. Initial and final ion counts from count versus beam on time plot (Figure 2.9) were
entered into the Excel sheet to get a predicted diameter of the sculpted nanopore. Finally, the
nanopore was taken out of the system and prepared for annealing.

Figure 2.9: Drop of ion counts in the nanopore sculpting process.
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Thermal Annealing
The surface of the nanopore was internally stressed and strained due to ion bombardment
during the ion beam sculpting process. Thermal annealing helped to reduce that strain and stress,
reinforced Si3N4 bonding, and increased the uniformity of the membrane. Dangling bonds in
silicon oxynitride were decreased and silicon nitride homogenization was increased by thermal
annealing [56]. Nanopore stability was also increased by thermal annealing [57]. A Thermo
Scientific Linderberg Blue M tube Furnace [58] was used for thermal annealing at 850 °C for 30
minutes.
Transmission Electron Microscopy (TEM)
TEM imaging was used to confirm the dimensions of the nanopore and FIB hole. Each
sample needed imaging twice. Using the first TEM image, the dimensions of the FIB hole were
measured to calculate the initial area of the FIB hole which was required for ion beam sculpting
processing. After the sculpting process, using the second TEM image, the dimensions of the
same sample were measured again to confirm the final size of the nanopore. TEM imaging was
performed at the Nanoscale Material Science and Engineering Building at the University of
Arkansas. Typically, FIB holes and nanopore were imaged at 300kx and 400kx magnifications,
respectively. JEOL 1011 TEM [59] was used for imaging.
2.5 Theoretical Models of Nanopore Sculpting
The ion beam sculpting system was capable of fabricating different sizes of nanopores
based on the size of bio-molecules. The desired size of nanopore was achieved by controlling
several parameters, such as ion energy, ion flux, duty cycle (on/off), temperature, and ion type
(He+, Ar+). Nanopore closing using ion beam sculpting was explained by two theoretical models:
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viscous flow model and surface adatom diffusion model [60]. The models are briefly described
as follows.
2.5.1 Viscous Flow Model
The viscous flow model was not well studied but acknowledged by the scientific
community [60]. According to the model, ion sputtering causes erosion of materials of the
sample surface which creates lateral mass flow into the edge of the nanopore. More explicitly,
the matter and energy deposition by the incident ion beam on the sample surface creates a thin
viscous layer of ~5 nm. The viscosity is reduced by continuous ion impingement. As a result, the
collective motion of the viscous layer is enhanced and flows towards the nanopore sink hole. The
flow of the viscous layer gradually narrows the nanopore to the desired size.
2.5.2 Surface Adatom Diffusion Model
The surface adatom diffusion model is based on the diffusion of free atoms or atomic
clusters on a material surface known as surface adatoms. The free atoms or atomic clusters are
mobile, independent layers on a crystal. According to this model, ion bombardment on the Si3N4
surface both generates and annihilates surface adatoms that diffuse toward the hole, binds with
edge molecules, and gradually closes the FIB hole to the desired size. This model reproduced
some of the experimental aspects, such as flux pulsing and temperature effects which were not
reproduced by the viscous model [61]. In this model, the concentration of surface adatom is
described by a two-dimensional diffusion equation as [62-63],
𝜕𝐶(𝑟, 𝑡)
C
= 𝑓𝑌𝑎 + 𝐷∇2 C −
− 𝑓𝐶𝜎𝑐
𝜕𝑡
τtrap

(Equation 2.1)

where, 𝐶(𝑟, 𝑡) = concentration of surface adatom, 𝑓 = ion beam flux, 𝑌𝑎 = average adatom,
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𝐷 = diffusion coefficient, τtrap = lifetime of adatom, and 𝜎𝑐 = cross-section of adatom. From
Equation 2.1, the rate of concentration depends on the incoming flux generated by the ion beam
and annihilation rate which is proportional to 𝑓 and 𝐶(𝑟, 𝑡). The pre-existing hole on the
membrane acts as a sink hole for surface adatoms where the flow of the adatom layer
accumulates and narrows nanopore size. Nanopore size is controlled by regulating atomic mass
transport.
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Chapter 3: Principles of Nanopore Biomolecule Sensing
3.1 Introduction
Nanopore bio-molecule sensing is based on the translocations of ions and bio-molecules
through nanometer-sized holes. The conception of bio-molecule translocation through a nanohole is not complex. A nanopore is placed in between two chambers filled with KCl solution.
Charged bio-molecules move in the chambers due to Brownian motion and diffusion. The
molecules diffuse closer to the nanopore and are pulled by the electric field generated by the
applied voltage. The molecules then translocate through the nanopore by the electrophoretic
force (Figure 3.1). The transport of charge molecules through the nanopore is dependent on
several factors, such as ion flux, liquid and ion motion, and applied voltage. This chapter will

Figure 3.1: Schematic diagram of nanopore sensor.
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explain general mathematical models to describe the current drop and dwell time of translocation
of molecules through the solid-state nanopore.
3.2 Conductivity of Ionic Solution
For the theoretical model of nanopore translocation, the geometry of a solid-state
nanopore is considered as a cylinder of radius rp and length LP. When voltage is applied in the
electrolyte solution of conductivity σs, the anions and cations start to move to the anode and
cathode, respectively. The current density of the ion transport through the nanopore arises from
the ion fluxes of the cations and anions. According to the Nernst-Plank equation of ion transport,
the total current density is given by [64],
𝐽 = 𝐹 ∑ 𝑧𝑖 𝑗𝑖

(Equation 3.1)

𝑖

𝑗𝑖 = 𝐷𝑖 𝑐𝑖

𝑧𝑖 𝐹
𝐸
𝑅𝑇

(Equation 3.2)

where, 𝑗𝑖 = current density of individual ions, zi = individual ion charge, 𝐷𝑖 =diffusion
coefficient of individual ions, 𝑐𝑖 = concentration of individual ions, 𝐹 = Faraday constant, 𝑅 =
gas constant, 𝑇 = temperature, and 𝐸 = applied electric field. In terms of diffusion coefficients of
K+ and Cl-, current density can be written as,
𝑧2𝐹2
(𝐷+ + 𝐷− )𝑐𝐸
𝐽=
𝑅𝑇

(Equation 3.3)

The conductivity is defined as,
𝜎𝑠 =

𝐽
𝐸

(Equation 3.4)

Using Equations 3.3 and 3.4, one can write,
𝑧2𝐹2
(𝐷+ + 𝐷− )𝑐
𝜎𝑠 =
𝑅𝑇
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(Equation 3.5)

Equation 3.5 indicates that the conductivity of electrolyte solution is directly proportional to the
diffusion coefficients and concentrations of ions and inversely proportional to the solution
temperature. A stable ionic current is established between two chambers by applying external
voltage using electrodes. The ionic current is the result of the movements of potassium (K+) and
chloride (Cl-) ions through the nanopore. In this work, three different protein molecules, such as
ß-lactoglobulin, tau, and tubulin were used to characterize protein aggregation using a solid-state
nanopore. The diffusion coefficient of ß-lactoglobulin, tau, and tubulin are 6x10-11 m2/s [60],
14.4x 10-6m2/s [61], and 5.9x10-12 m2/s [65], respectively. The potassium and chloride ion
diffusion coefficients are 1.96x10-5 cm2/s and 2.03x 10-5 cm2/s, respectively [66]. According to
the magnitude of diffusion coefficients, protein molecules move slower than the ions through the
nanopore.
3.3 Physics Involved in Solid-state Nanopore Translocation
The translocation of molecules through the solid-state nanopore is an electro-kinetic
process. Three different types of physical phenomena are observed in this process. They are as
follows:
1. Transport of ionic species through the nanopore;
2. Electrostatic charge; and,
3. Laminar fluid flow.
3.3.1 Transport of Ionic Species
The movement of ions in the electrolyte solution is governed by the convection and
diffusion processes. The transport of ionic species (K+ and Cl-1) in ionic solution is described by
the Nernst-Planck equation. The equation can be written as [67][68],
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𝐷𝑖
𝑁𝑖 = −𝐷𝑖 ∇𝑐𝑖 − 𝑧𝑖 ( ) 𝐹𝑐𝑖 ∇𝑉 + 𝑢𝑐𝑖
𝑅𝑇

(Equation 3.6)

∇. 𝑁𝑖 = 0

(Equation 3.7)

where 𝑁𝑖 is the ion flux of individual ions, 𝐷𝑖 , 𝑐𝑖 , and 𝑧𝑖 are diffusion coefficient, concentration,
and charge of individual ions, respectively. Fluid velocity and electric potential are denoted by 𝑢
and 𝑉, respectively. 𝑅, 𝑇, and 𝐹 are universal gas constant, temperature, and Faraday constant,
respectively. Equation 3.7 is the steady-state condition of the Nernst-Planck equation. From
Equation 3.6, the concentration of electrolytes is found as the dominant factor for ion flux in an
electrolyte solution.
3.3.2 Electrostatic Charge
A distribution of potential is created by the application of external voltage on the
electrolyte solution due to the surface charge density of ions. The electric potential distributions
are given by Poisson’s equation as follows [69],
∇2 𝑉 =

−𝐹
∑ (𝑧𝑖 𝑐𝑖 )
𝜖
𝑖

(Equation 3.8)

where 𝜖 is the dielectric constant of the medium.
3.3.3 Laminar Fluid Flow
The fluid flow of the nanopore system is considered as a flow with constant velocity, i.e.
incompressible. Navier-Stokes and continuity equations describe the laminar fluid flow of the
nanopore system. In this case, fluid density and viscosity are assumed as constant. The equations
are as follows [70],
𝑢∇𝑢 =

1
(−∇𝑃 + 𝜇∇2 𝑢 + 𝐹𝑉 )
𝜌
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(Equation 3.9)

𝐹𝑉 = −𝐹 ∑ (𝑧𝑖 𝑐𝑖 )∇𝑉

(Equation 3.10)

∇. 𝑢 = 0

(Equation 3.11)

𝑖

where 𝜇, 𝑃, 𝜌, 𝐹𝑉 are viscosity, pressure, fluid density, and volume force, respectively.
Equations 3.9 and 3.11 are known as Navier-Stokes and continuity equations, respectively.
3.4 Nanopore Resistance
If we assume nanopore geometry as cylindrical, the resistance of the nanopore can be
written by the following equation [71],
𝑅0 =

𝜌𝐿𝑝
𝜋𝑟𝑝 2

(Equation 3.12)

where 𝜌 is the resistivity of an ionic solution, 𝐿𝑝 and 𝑟𝑝 are the length and radius of the
nanopore, respectively. The conductance of nanopore can be written as,
𝐺0 =

𝜋𝑟𝑝 2 𝜎𝑠 𝜋𝑟𝑝 2
1
=
=
𝑅0
𝜌𝐿𝑝
𝐿𝑝

(Equation 3.13)

Using Ohm’s law, the open pore current, Io by applying bias voltage V, can be written as,
𝜋𝑉𝑟𝑝 2
𝜋𝑉𝑟𝑝 2
𝑉
𝐼0 =
=
= 𝜎𝑠
𝑅0
𝜌𝐿𝑝
𝐿𝑝

(Equation 3.14)

From Equation 3.14, the open-pore current is directly proportional to the applied voltage,
square of pore radius, and solution conductivity. Open-pore current is inversely proportional to
the length of the nanopore. The fringing effect of the electric field extending from the edge of the
nanopore was ignored in the resistance in Equation 3.12. The nanopore system has three
resistances in series. Access resistance, Raccess, extends from both edges of the nanopore and the
resistance of the inside of the nanopore is Rpore (Figure 3.2). Ionic current through the nanopore
is decreased by the increase in access resistance and molecules close to the access resistance
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region in the ionic solution are driven by less electrophoretic force through the nanopore [72].
The access resistance was defined by Hall [73] as,
𝑅𝑎𝑐𝑐𝑒𝑠𝑠 =

𝜌
4𝑟𝑝

(Equation 3.15)

Figure 3.2: Resistances in nanopore system

The total resistance of the nanopore system can be written as,
𝑅𝑇 = (𝑅𝑎𝑐𝑐𝑒𝑠𝑠 + 𝑅𝑝𝑜𝑟𝑒 + 𝑅𝑎𝑐𝑐𝑒𝑠𝑠 )
𝑅𝑇 =

𝜌
𝜌𝐿𝑝
𝜌
+
+
2
4𝑟𝑝 𝜋𝑟𝑝
4𝑟𝑝

𝑅𝑇 =

𝜌 𝐿𝑝 1
[
+ ]
𝑟𝑝 𝜋𝑟𝑝 2

(Equation 3.16)

(Equation 3.17)

The total resistance in terms of pore diameter 𝐷𝑝 can be rewritten as,
𝑅𝑇 =

4(𝐿𝑝 + 0.8𝐷𝑝 )
𝜋𝜎𝑠 𝐷𝑝 2

Now, the open pore current can be rewritten as,
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(Equation 3.18)

𝐼0 =

𝜎𝑠 𝜋𝑟𝑝 2 𝑉
(𝐿𝑝 + 0.8𝐷𝑝 )

(Equation 3.19)

Due to the effect of access resistance, the open-pore current in Equation 3.19 is smaller than
Equation 3.14.
3.5 Effect of Surface Charge
The silanol group of silicon nitride on the nanopore is ionized and negatively charged.

Negative surface charge and the charges in the electrolyte solution interact and influence the
overall conductance of the nanopore. With the contribution of surface charge, total conductance
of the nanopore can be written as [74],
𝐺𝑇 =

𝜋𝐷𝑝𝑜𝑟𝑒
4𝜎
[(𝜇𝑘 + 𝜇𝐶𝑙 )𝑛𝐾𝐶𝑙 𝑒 + 𝜇𝑘
]
4𝐿𝑝
𝐷𝑝𝑜𝑟𝑒

(Equation 3.20)

where 𝐷𝑝𝑜𝑟𝑒 is the pore diameter, 𝜇𝑘 and 𝜇𝐶𝑙 are the electrophoretic mobilities of potassium and
chloride ions respectively, 𝑛𝐾𝐶𝑙 is the number density of potassium and chloride ions, 𝑒 is the
elementary charge, and 𝜎 is the surface charge density.
3.6 Ionic Current Drop
When molecules translocate through the nanopore, the area of the nanopore is blocked by
the molecules and the flow of ions through the nanopore is reduced. As a result, the resistivity of
the nanopore increases, and a drop in ionic current is observed when the molecule stays inside
the nanopore (Figure 3.3). The drop in ionic current can be written as ∆𝐼𝑏 = |𝐼𝑜 − 𝐼𝑏 | where 𝐼𝑏 is
the blockage of ionic current. The ratio of drop in ionic current and open-pore current can be
written as [75],
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∆𝐼𝑏
𝑑3
= 𝑆(𝐷𝑝 , 𝑑)(
𝐷 2)
𝐼𝑜
𝐿𝑝 + 0.8𝐷𝑝 𝑝

(Equation 3.21)

In Equation 3.21, the relative change of current drop is directly proportional to the cube of
molecule diameter. The correction factor 𝑆(𝐷𝑝 , 𝑑) in this equation is a function of pore geometry
and can be obtained from Deblois and Bean's theory [76]. For protein molecules (Figure 3.3), the
ionic current drop in terms of excluded molecule volume can be written as [77],
∆𝐼𝑏 ≈

𝜎𝑠 𝑉
𝐿𝑒𝑓𝑓

2 𝛬(𝑡) ≈ 𝐼𝑜

𝛬(𝑡)
𝑉𝑝

(Equation 3.22)

Figure 3.3: Schematic diagram of nanopore translocation experiment. Open-pore current Io,
current drop ΔIb, and dwell time td are shown on the bottom panel.
∆𝐼𝑏
𝛾𝛬(𝑡) = ( ) 𝑉𝑝
𝐼𝑜
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(Equation 3.23)

where 𝛬(𝑡) is the excluded volume of the translocated molecule, 𝛾 is an electrical shape factor
𝐿𝑒𝑓𝑓 is the effective thickness of nanopore, 𝑉 is applied voltage, and 𝜎𝑠 is solution conductivity.
The electrical shape factor is a correction factor used to correct any distortions on the molecule
when translocating by an applied electric field. The physical thickness of the ion beam sculpted
nanopore was estimated as ~10 nm [78]. The conductivity of KCl solution at a specific
concentration was measured using a conductivity meter. The change in ionic current, ∆𝐼𝑏 , for
different applied voltage was measured by translocation experiments. The effective thickness of
the nanopore was measured using the slope of I-V plots for V = 60 – 210 mV.
3.7 Translocation Duration/Dwell Time
A charged particle undergoes random collisions when immersed in an electrolyte
solution. The motion of the particle in the solution can be written by Newton’s second law as
[79],
𝑚

𝑑𝑣
= 𝐹𝑒 + 𝐹𝑑𝑟𝑎𝑔 + 𝐹𝑟 (𝑡)
𝑑𝑡

(Equation 3.24)

where 𝐹𝑒 is the external force, in this case, the electrophoretic force, 𝐹𝑑𝑟𝑎𝑔 is the drag force
which is equal to −𝛼𝑉𝑑𝑟𝑖𝑓𝑡 (where 𝑉𝑑𝑟𝑖𝑓𝑡 is the drift velocity and 𝛼 is a proportionality factor, for
spherical particle, 𝛼 = 6𝜋𝜂𝑟𝑚 (Stoke’s drag term)), and 𝐹𝑟 (𝑡) is the random force which is
averaged to zero. The electrophoretic force can be written as 𝐹𝑒 = ∑ 𝑞𝐸. To solve Equation
𝑑𝑣

(3.24), assume the molecule reaches terminal velocity ( 𝑑𝑡 = 0). Plugging the values in Equation
3.24 yields,
𝑉𝑑𝑟𝑖𝑓𝑡 =
Translocation time,

𝑡=

𝐿
𝑉𝑑𝑟𝑖𝑓𝑡
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∑ 𝑞𝐸
𝛼
=

𝛼𝐿
∑ 𝑞𝐸

(Equation 3.25)
(Equation 3.26)

where 𝐿 = 𝐿𝑝 + 𝐿𝑚 , 𝐿𝑚 is the molecule length, and 𝐿𝑝 is the pore length. The above equations
are approximately correct for homogeneously charged molecules. However, many proteins have
different charges in different regions, so they need to be explained by another approach. A
discussion on protein translocation time will be presented in Chapter 5, Section 5.7.
3.8 Noise in Nanopore Experiment
Noise in nanopore experiments is the fluctuations of ionic currents from baseline. There
are several factors responsible for noises in nanopore experiments, such as nanopore capacitance,
surface charge fluctuations, nano-bubbles, Si3N4 hydrophobicity, and so on [80]. In this section,
nanopore noise characterization and techniques used to reduce noises will be briefly discussed.
One of the significant sources of noise in ion-beam sculpted nanopores was identified as the
dangle bonding of Si3N4 during the sputtering process. This type of noise was reduced by
thermal annealing after the sculpting processing. It also enhanced nanopore stability. No further
evidence was found on the correlation between the nanopore fabrication process and noises [81].
Nanopore noises are characterized by the power spectral density (PSD). PSD is a Fourier
transformation of the measured ionic current signal. Mainly, two types of noises were observed
in nanopore experiments, low-frequency flicker noise, or 1/f noise, and high-frequency noise
(Figure 3.4). There were several sources of flicker noise, such as nanopore resistance [82],
nanopore wettability, and adsorption [83]. Lower flicker noise in higher nanopore resistance was
observed in the Si3N4 membrane [82]. High-frequency noises were attributed to the dielectric
properties of Si3N4 nanopores and Johnson noise [84]. Johnson noise arises from the thermal
energy of the electrical circuit.
Since higher frequency noises are the properties of electrical circuits and amplifiers, they
will be almost similar for all experiments. Typically, high-frequency noises arise for >10 kHz. In
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this work, a 10 kHz low pass Bessel filter which cut out higher frequency measurements was
used. So, focus is only needed on low-frequency noise. Low-frequency noises were described by
Hooge as [85][86],
𝐼2 𝛼
𝑆𝐼 =
𝑁𝑐 𝑓

(Equation 3.27)

where 𝛼 is Hooge’s parameter, 𝐼 is nanopore current, and 𝑁𝑐 is the number of charge carriers.

Figure 3.4: Ionic current measured using noisy (a) and quiet (c) nanopores. Nanopore diameter,
applied voltage, and salt concentration were ~10 nm, 120 mV, and 1 M KCl respectively. Power
spectral density (PSD) plots of (b) noisy and (d) quiet nanopores.

From Equation 3.27, power spectral density 𝑆𝐼 is inversely proportional to the number of charge
carriers. Noise in nanopore experiments is generally characterized by Irms value [84]. Irms values
are calculated by taking the square root of the area under the PSD curve. In Figure 3.4, Irms for
noisy and quiet nanopores were 63 pA and 7 pA, respectively. In this research, flicker noises
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were reduced by Piranha cleaning and pre-wetting nanopores for several days before
experiments. In general, Irms >15 pA is considered a high noise level for nanopore experiments
[87]. Current signals were recorded at Irms <10 pA. Power spectral density plots of translocated
α-tubulin, β-tubulin, and tau monomers and their aggregations are plotted in Figure 3.5. Noise
level in Figure 3.5 (a-d) gradually increased from monomer to aggregated protein. Molecular
weights (MW) of the protein samples were different, MWαβτ >MWαβ >MWβ >MWτ >MWα.

Figure 3.5: Power spectral density plots of α-tubulin, β-tubulin, and tau monomers and their
aggregations translocated through (6-30 nm) nanopores in 1M KCl at (a) 60 mV, (b) 90 mV, (c)
120 and (d) 150 mV.
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Samples with higher MW blocks a higher area inside the nanopore and, thus, the number of
charge carriers, NC, in Equation 3.27 decreases. As a result, noise level increases for bigger
molecules. Noise levels were minimized by using a Faraday cage and vibration-less table.
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Chapter 4: Tau Protein
4.1 Introduction
Tau protein was discovered by Weingarten et al. in 1975 when the group was working on
factors in tubules self-association into microtubules [88]. Besides humans, tau proteins are also
found in other animal species, such as monkeys, goats [89], bovines [90][91], drosophila
[92][93], bullfrogs [94], and goldfish [95]. Tau protein is classified as a member of the
microtubule-binding protein group [96]. Microtubules are constructed with tubulin monomers.
Tau plays an important role to associate tubulin with microtubules after their expression in
neuron cells (Figure 4.1) [97].

Figure 4.1: (a) Tau protein in microtubule binding, (b) tau degeneration and aggregation in
neuron cell [97].

Microtubules create the shape of the neuron and transport axonal signals from the nucleus
to the axon. Some of the fundamental functions of tau include stabilization of microtubules in
neuron cells, playing a vital role in cell division, and polarization [99]. However,
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phosphorylation and kinases cause dissociation of tau from microtubules [100]. The dissociated
tau proteins aggregate intracellularly and eventually destroy the cell (Figure 4.1). The
aggregation of tau is found to be one of the major causes of many neurodegenerative diseases.
There are more than 20 diseases found to be related to tau aggregation like Alzheimer's,
corticobasal degeneration, Pick’s, Parkinson’s, progressive supranuclear palsy, and chronic
traumatic encephalopathy [101][102]. It is hoped that finding the tau aggregation mechanism
will lead to the cure of neurodegenerative diseases. This chapter focuses on the characterization
of aggregation of tau protein using a solid-state nanopore. More specifically, the aggregation of
tau protein is measured as a function of applied voltage, salt concentration, and pH.
4.2 Tau Structure, Isoforms, and Charge Sequence
Tau protein is highly disordered and unfolded in nature (Figure 4.2). The tau gene in
humans is located on chromosome 17q21 [103]. The tau gene is over 100 kb long and consists of
16 exons. In the human brain, tau proteins are expressed as six isoforms due to alternative
splicing of exons 2, 3, and 10 [104]. Tau isoforms containing exon 10 have four microtubule-

Figure 4.2: 3D structure of tau protein consists of αhelices, ß sheet, and polyproline helix (PBD
codes: 2mz7, 4np8) [105].
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binding regions (Figure 4.3) are termed 4R and other isoforms are known as 3R. The isoforms of
tau are different from each other by 3R or 4R microtubule-binding domains. There are 31 or 32
amino acids in the C terminal for 3R and 4R, respectively. The insertion of 29 and 58 amino
acids in the N terminal is termed as 1N and 2N, respectively [106]. The amino acids of tau
isoforms range from 352-441 and molecular weight ranges from 46-37 kDa. Table 4.1 shows all
the isoforms and their molecular weights.

Figure 4.3: Stabilization of microtubules by four binding domains (blue boxes) of the longest tau
protein. Phosphatases and kinases stabilize tau bindings into microtubules. Phosphorylation (pink
balls) causes dissociation of tau from microtubules [106].
Table 4.1: Tau isoforms and their molecular weights [99].

The longest tau is located at the peripheral nervous system and the rest of the isoforms
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are located in the central nervous system. Among all the isoforms in the central nervous system,
htau40 (2N4R) is the longest with 441 amino acids [106]. The structure of tau protein is divided
into three main regions: projection domain, repeat domain (TauRD) or microtubule-binding
domain, and carboxyl-terminal or C terminal (Figure 4.4 (a)). The projection domain contains
two amino terminals, N1 and N2, and two proline-rich regions, P1 and P2.The projection domain
constitutes ~1-150 amino acids. The repeat domain comprises four microtubule-binding
domains, R1-R4. Amino acids in the repeat domain range ~251-400.

Figure 4.4: (a) Sequence in longest tau protein (4R2N) with 441 amino acids and disorder
prediction for the entire length of the molecule. (b) Charge distributions at pH 7.4 [107].

The rest of the structure is made of proline-rich domain P3 and C terminal. Amino acids
of this region range ~401-441. The N terminal of tau is highly disordered (Figure 4.4 (a)), the
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disorder distribution decreases in the microtubule-binding region and again increases in the C
terminal. The charge distribution shows the net negative charge in the N terminal, the net
positive charge from the proline-rich region to the microtubule-binding domain, and a slightly
negative charge in the C terminal. The overall net charge of tau protein is positive at pH 7.4.
4.3 Tau Aggregation
Aggregation of tau protein is one of the major causes of neurodegenerative diseases like
Alzheimer’s, Parkinson’s, Frontotemporal dementia, and so on [108]. Neurodegenerative
diseases related to tau aggregation are commonly known as tauopathies. Many factors such as
phosphorylation, mutation, and splicing are found as a leading cause of aggregation of tau
protein [109]. In a normal neuronal cell, phosphorylation and dephosphorylation occur in a
balanced way to regulate the normal neuronal functions in the cell. When the balance is
disrupted, tau proteins bounded to the microtubule undergo hyper-phosphorylation. It destroys
the charge balance between the tau protein and microtubules. As a result, tau dissociates from the
microtubules and aggregates in the cell. This intra-cellular aggregation of tau protein blocks the
neuron’s axonal transport which leads to neurodegeneration. The aggregation of tau undergoes
several morphological changes in tau inclusion such as paired helical filaments, neurofibrillary
tangles, straight filament, and twisted ribbons [109]. The exact sequence of those morphological
changes is still unknown. Due to the highly disordered and hydrophobic nature of the native
state, tau proteins are very difficult to aggregate in vitro. Tau proteins are found forming fibril
structures of ß-pleated sheets when mixed with negatively charged molecules like heparin, DNA,
and RNA (Figure 4.5) [110][111]. Heparin (C26H42N2O37S5) is an anticoagulant chemical that is
used as a treatment of venous thromboembolism (VTE) [112]. Tau produces paired helical
filaments or straight filaments when incubated with heparin. The filaments are believed to be
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the result of electrostatic interactions between negative heparin and positive tau protein.

Figure 4.5: (i) Tau protein from a healthy neuron dissociates after phosphorylation of tau (p-tau),
(ii) escaped tau gradually forms viscous droplets and triggers aggregation, (iii) the droplets
gradually collect all the tau proteins and severely damage microtubules which cause neuron cell
to death [107].

Tau aggregations formed in vitro using recombinant human tau and heparin are found to
be similar to the tau filaments extracted from the human brain. The isoelectric points predicted
for htau40, k18, k18Δk280, and k19 are 8.6, 10.49, 10.46, and 10.39, respectively (Figure 4.6).
The mean hydrophobicity of full-length tau (htau40) is low due to the absence of a specific
secondary structure in the native state. Therefore, tau aggregation is very difficult to produce in
vitro. Tau proteins extracted from rat or porcine microtubules are found to be aggregated to
paired or straight filaments when incubated with 6-8 M urea [114]. However, the method didn’t
work well for full-length tau isoform. Tau gene was expressed in tau cell model which formed
tau k18 with four repeat domain and deletion mutation Δk280. The aggregations in the cell were
detected by the Thioflavin S fluorescence microscopy [115]. The aggregates were toxic and
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gradually caused cell death. The protein-protein interactions inside the cell are monitored using
the fluorescence resonance energy transfer (FRET) technique [98]. Another technique for the
detection of paired helical filaments or straight filaments of tau aggregation is cryo-electron
microscopy [116]. This technique can image aggregation at 3.4-3.5 Å resolution. It was found

Figure 4.6: Predicted charge distributions of different tau isoforms. (a) Sequences of tau isoforms
are shown in the bar diagram, (b) charge distributions as a function of pH, (c) average
hydrophobicity for the isoforms [113].
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that tau went through a liquid-liquid phase transition at physiological conditions (Figure 4.5).
The transformed tau becomes a gel-like liquid within some days and acts as a mediator of tau
aggregation in many neurodegenerative diseases [111].
4.4 Existing Methods of Characterizing Tau Aggregation
Existing techniques for the detection of tau aggregation include transmission electron
microscopy (TEM), atomic force microscopy (AFM), and Thio-S fluorescence microscopy.
Fluorescence microscopy is based on tagging molecules with dye which may disrupt the
interactions between proteins and leads to erroneous data. One of the biggest drawbacks of cryoEM imaging is the difficulty of sample preparation and the analysis is time-consuming and
expensive (Figure 4.7) [117]. In AFM, proteins are dried on a mica surface and scanned using an

Figure 4.7: TEM image of aggregated tau in the presence of heparin [109]. (a) Aggregation for
day 1 sample, (b) different types of aggregations were assembled. Scale bar is the same in (a)
and (b).
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AFM cantilever. The native structure of protein aggregation is disrupted when dried on mica.
Detection of protein aggregation using a solid-state nanopore overcomes most of the existing
problems. A solid-state nanopore allows protein detection in ionic solution without using any tag
which maintains the native molecule structures.
4.5 Materials and Sample Preparation
4.5.1 Materials
Tau protein was purchased from Boston Biochem, Cambridge, MA. The human
recombinant tau gene is expressed in E. coli to produce human tau protein [118]. The molecular
weight of the tau is 46 kDa. The tau sample was the longest of all 6 isoforms consisting of 441
amino acids. The initial concentration of the sample was 1.7 mg/ml (37 μM) in PBS buffer at pH
7.4. The purity of the protein was > 95% confirmed by SDS-PAGE. The heparin sodium salt was
purchased from Sigma-Aldrich, Milwaukee, Wisconsin. Heparin is extracted from the porcine
intestinal mucosa.
4.5.2 Sample Preparation
The initial solution was prepared by mixing 100 μg tau protein with ~59 μl PBS buffer at
pH 7.4. The concentration of tau in PBS buffer was ~37 μM. The solution was then diluted to
~1.6μM and stored in 100 μl sample bottles at -80 °C. The stored sample was again diluted to
~100 nM for nanopore experiments. For each translocation experiment, ~10 μl diluted sample
was inserted into the Cis PDMS chamber. The chamber became full after four times sample
insertions. The total volume of the samples was ~40 μl. The chamber needed to be emptied and
cleaned with isopropyl alcohol (IPA) and DI water and dried using a N2 blow gun after the
experiment.
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4.6 Experimental Set-up and Data Analysis
4.6.1 Experimental Set-up
The nanopore experimental set-up consisted of two polydimethylsiloxanes (PDMS)
chambers with microfluidic channels (Figure 4.8). The top and bottom chambers were known as
Cis and Trans, respectively. The Cis and Trans chambers were solely connected through the
nanopore. For the tau protein experiment, the diameter of the nanopore was ~10 nm. Two
electrodes (AgCl2/Ag) were inserted into the top and bottom chambers to apply voltages and
record ionic current changes. The nanopore was aligned between two chambers using a precision
alignment system. The top and bottom chambers were screwed tightly to stop the gap between
the chambers. Initially, the channels were filled with buffered 1M KCl, and voltage was applied
to generate an ionic current. The ionic current was generated by the translocations of ions
through the nanopore. Then, protein molecules were inserted in the top chamber and driven to
the bottom chamber by the applied voltage. When molecules passed through the nanopore, the
ionic current dropped as a result of the increase in resistivity of the nanopore. The current drop
and time duration were measured to characterize protein molecules.

Figure 4.8: Nanopore experimental setup.
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The silver chloride electrodes were connected to the positive and negative side of the
head stage [119] of an amplifier, Axopatch 200B [120]. Typically, top and bottom chambers
were connected to the negative and positive sides of the head stage, respectively. Top chambers
were grounded to discharge any extra charges. The Axopatch amplifier was integrated with a
data acquisition device Digidata 1440 [121]. The device was used to record and transform analog
to digital signals, and vice versa. Current blockage signals were recorded using a 10 kHz low
pass Bessel filter integrated with an Axopatch amplifier. Axon pClamp 9.2 [122] software suites
were used to record and display data. Experimental set-up and data recording were the same for
all protein samples.
4.6.2 Data Analysis
Custom-designed MATLAB programs were used to analyze nanopore data. Data analysis
started with adjusting the baseline of raw data (.abf file) using a MATLAB file named
“adjust41”. Executing the fill popped up a window where raw data file, saving directory, and
adjusted current value was set. The “adjust41” program transformed raw data and adjusted them
to an assigned current value (typically 1000 pA). In the next step, the adjusted data file was
analyzed using a MATLAB file named “DNA7”. DNA7 file was originally developed for DNA
samples but it worked very well for protein samples, too. Two trigger points were used to extract
good data from translocation events (Figure 4.9). Translocation times and current drops were
calculated using trigger 1 and trigger 2, respectively. Current drops that passed through trigger 2
were counted as valid events. The difference between starting and ending points of a current
trace through trigger 1 was used for time calculation. Executing DNA7 opened a pop-up window
where some parameters needed to be defined, such as threshold currents for triggers 1 and 2, bin
sizes for histogram plots, maximum and minimum values of currents and times to be analyzed,
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and some other parameters to isolate good events from bad. The program also allowed
histograms, scatter plots, and density or area plots to be generated after analysis was finished.
From the scatter plot, representative data were extracted as a text file and imported to Igor Pro 7
for plotting and further analysis. The data analysis process was similar for all the protein
samples.

Figure 4.9: Current blockage events of translocation of (a) tau monomer and (b) aggregated tau
in 1M KCl, pH 7.4. The current blockage by the aggregated tau was about twice the monomer
tau.
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4.7 Results and Discussion
To detect tau aggregations, monomer and aggregated tau protein translocations were
measured using a ~10 nm nanopore. Tau monomer protein translocations were measured at
different experimental conditions. Monomer proteins were detected in 0.1M, 0.5M, and 1M KCl
solution at 60-210 mV, pH 7.4 and pH 12. In the next step, tau monomers (htau40) 5μM in PBS
buffer were mixed with 61 nM heparin sodium salt at pH 7.4, 30 °C for 48 hours. Under this
condition, tau protein aggregations were formed by the induction of heparin salt. The aggregated
tau proteins were translocated through the same nanopore, ~10 nm, in 1M KCl at 60-180 mV,
pH 7.4. Current blockage traces for tau monomer and aggregations are shown in Figure 4.9. The
magnitude of the current blockage of aggregated proteins was larger than the monomer.
The current blockage amplitudes of monomer and aggregated proteins were compared to
estimate the number of aggregations e.g. dimer, trimer, tetramer, and so on. The distributions of
current blockage of tau monomer in 0.1M KCl at pH 7.4 and pH 12 were shifted to higher value
with the increase in applied voltage (Figures 4.10 (a) and 4.13 (a)). Similar results were observed
in 0.5 M and 1 M KCl solutions (Figures 4.11 (a), 4.12 (a), 4.14 (a), and 4.15 (a)). Current drop
histograms in 0.1M KCl at pH 7.4 and pH 12 (Figure 4.10 (b) and 4.13 (b)) showed that peak
current drops were increasing approximately linearly with the increase in applied voltages. This
result was expected due to the ohmic behavior of ionic current in the solid-state nanopore.
Similar trends in current blockage amplitudes as a function of applied voltages were observed in
0.5M and 1M KCl at pH 7.4 and pH 12 (Figures 4.11 (b), 28 (b), 4.12 (b), and 4.15 (b)).
Time duration amplitudes of tau monomer in 0.1M KCl at pH 7.4 and pH 12 increased
with increasing applied voltage (Figures 4.10 (c) and 4.13 (c)). This was a non-ohmic behavior.
The reason for this trend was probably aroused from non-uniform charge distributions on the
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Figure 4.10: Translocations of tau monomer plots at 60 – 210 mV in 0.1 M KCl, pH 7.4. (a)
Scatter plot, (b) current drop histograms (left) and current drop amplitudes as a function of
applied voltages (right), (c) time duration histograms (left), and time duration amplitudes as a
function of applied voltages (right). Gaussian fitted lines are represented as solid curves.
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Figure 4.11: Translocations of tau monomer plots at 60 – 210 mV in 0.5 M KCl, pH 7.4. (a)
Scatter plot, (b) current drop histograms (left) and current drop amplitudes as a function of
applied voltages (right), (c) time duration histograms (left), and time duration amplitudes as a
function of applied voltages (right). Gaussian fitted lines are represented as solid curves.
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Figure 4.12: Translocations of tau monomer plots at 60 – 210 mV in 1 M KCl, pH 7.4. (a) Scatter
plot (b) Current drop histograms (left) and current drop amplitudes as a function of applied
voltages (right), (c) time duration histograms (left), and time duration amplitudes as a function of
applied voltages (right). Gaussian fitted lines are represented as solid curves.
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Figure 4.13: Translocations of tau monomer plots at 60 – 210 mV in 0.1 M KCl, pH 12. (a)
Scatter plot, (b) current drop histograms (left) and current drop amplitudes as a function of
applied voltages (right), (c) time duration histograms (left), and time duration amplitudes as a
function of applied voltages (right). Gaussian fitted lines are represented as solid curves
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Figure 4.14: Translocations of tau monomer plots at 60 – 210 mV in 0.5 M KCl, pH 12. (a)
Scatter plot, (b) current drop histograms (left) and current drop amplitudes as a function of
applied voltages (right), (c) time duration histograms (left), and time duration amplitudes as a
function of applied voltages (right). Gaussian fitted lines are represented as solid curves
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Figure 4.15: Translocations of tau monomer plots at 60 – 210 mV in 1 M KCl, pH 12 (a) Scatter
plot, (b) current drop histograms (left) and current drop amplitudes as a function of applied
voltages (right) (c) time duration histograms (left) and time duration amplitudes as a function of
applied voltages (right). Gaussian fitted lines are represented as solid curves.
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protein surface (Figure 4.4). N terminal of tau protein was negatively charged while the C
terminal was charged positively (Figure 4.4). This non-uniform charge distribution allowed the
positive side of the protein to enter into the nanopore first upon negative applied voltage and the
negative side would retract a little bit due to the repelling force. The retraction force due to the
opposite electrostatic charges allowed the molecule to stay longer inside the nanopore. The
duration of stay inside nanopore was higher for higher applied voltages. The higher voltage
generated a larger electrostatic force. At pH 7.4, net charge of the tau, the monomer was positive.
The protein would eventually translocate due to the net positive charge. There were probably
other reasons for this phenomenon. Further investigations will provide a better understanding of
the translocation time of non-uniform protein molecules. All the translocation times of tau
monomers during experiments behaved almost similarly. The time duration trends of tau protein
at different salt concentrations of 0.5M KCl and 1M KCl are plotted in Figures 4.11 (c), 4.12 (c),
4.14 (c), and 4.15 (c). The anomalous behavior of time durations was observed in several studies
with other proteins [123].
The charge distributions of protein samples used in those experiments were non-uniform.
Another reason for non-ohmic time behavior could have been the intrinsic disorder structure of
tau protein. Tau is one of the most disordered proteins in nature. It can transform to any possible
structure in the solution. Typically linear structure molecules stay longer than globular molecules
inside the nanopore. Tau could be changed to a linear structure at the experimental conditions.
Time behavior for aggregated tau was found to be the opposite to monomers (Figure 4.16).
Translocation durations for aggregated tau linearly decreased with the increase in applied
voltage. The charge distributions of aggregated proteins were found more uniform than
monomers. The distributions of current blockage events for aggregated tau proteins were shifting
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Figure 4.16: Translocations of aggregated tau plots at 60 – 180 mV in 1 M KCl, pH 7.4. (a)
Scatter plot, (b) current drop histograms (left) and current drop amplitudes as a function of
applied voltages (right), (c) time duration histograms (left), and time duration amplitudes as a
function of applied voltages (right). Gaussian fitted lines are represented as solid curves.
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to higher values with the increase in applied voltage. The magnitudes of current blockage events
were larger than the monomer proteins as expected (Figure 4.16 (a)). The current drop peaks on
the histogram plots (Figure 4.16 (b)) linearly increased with increasing applied voltage.
Time duration peaks on the histogram plots decreased linearly with increasing voltage (Figure
4.16 (c)). The duration trends for aggregated proteins were opposite to the monomer proteins.
For aggregated proteins, time behavior was ohmic. Probably, the surface charge distributions of
aggregated proteins were roughly uniform. Mean current drop increased approximately linearly
with the increase in salt concentration (Figure 4.17) for both pH 7.4 and 12.

Figure 4.17: Current drop and time duration of tau monomer at pH 7.4 and 12. (a) Current drop
and open-pore current ratio as a function of applied voltage, (b) time duration as a function of
applied voltage.

The current drops and excluded volumes of tau monomer and aggregations were plotted in
Figure 4.18 (a) and 4.18 (b), respectively. By comparing the current drops and excluded
volumes, the result showed that tau protein aggregations were dimeric.
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Figure 4.18: (a) Current drop as a function of applied voltage and (b) excluded volume as a
function of applied voltage.
4.8 Conclusions
Current drop of tau monomer at pH 7.4 was higher than pH 12. The higher current
blockage was a representation of the bigger molecule. These results indicated that below
isoelectric point, IP 8.0, tau monomers probably underwent a conformational change which
made the molecule bigger in volume. High salt concentrations were found to catalyze the process
of conformational change. This result allowed further study to confirm the hypothesis.
Aggregations of tau protein were detected in 1M KCl at pH 7.4. The results showed that higher
voltage denatured proteins thus excluded volume decreased with increasing bias voltage. The
solid-state nanopore (~10 nm) was found to be highly sensitive in detecting both monomer and
aggregated proteins.

57

Chapter 5: Tubulin Protein

5.1 Introduction
Tubulins are globular cytosolic proteins. The evolution of tubulin protein is considered to
be linked to the bacterial cell division protein, FtsZ [124]. Tubulin dimers have an inherent
capability of self-assembling to form microtubules by the process of microtubule nucleation
[125]. The heterodimer structure formed by α-tubulin and ß-tubulin is the building block of
microtubules in eukaryote cells [126][127]. In the human body, α-tubulin and ß-tubulin have
seven and eight isotopes, respectively. The microtubule is one of the most dynamic parts of the
cell. Many proteins collectively regulate microtubule stability and functions; they are commonly
termed microtubule-associated protein (MAPs) [128]. α-tubulin and ß-tubulin are in the group of
MAPs. The predicted molecular weight of each α-and ß-tubulin is 55 kDa [129]. The structures
of α-and ß-tubulin are nearly identical.
5.2 Tubulin Structure
Both α-and ß-tubulin are constructed with two ß-sheets of 6 and 4 strands and 12 αhelices. α-tubulin binds with guanosine triphosphate (GTP ) and ß-tubulin binds with guanosine
diphosphate GDP and Taxotere (Sanofi, Bridgewater, New Jersey) shown in Figure 5.1 [130]. To
form a stable microtubule structure and regulate microtubule interaction with other molecules
both α-and ß-tubulins go through several post-translational modifications such as
phosphorylation, acetylation, and polyglutamylation. The α-helices 9 and 10 in ß-tubulin are 10
residues shorter than those in α-tubulin which makes a big difference between them [131].
Widely used anti-cancer drug Taxol (Pfizer, New York City, NY) in the αß-tubulin dimer is used
for stabilizing microtubules by promoting contacts with protofilament or inhibiting movements
of nucleotides and other domains [131]. Microtubules assembly and disassembly are highly
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dependent on pH in vitro. Microtubules assembled to steady-state at pH <7.0 were found
disassembled at more alkaline pH and the disassembly was reversed with acidification [132].

Figure 5.1: α-and ß-tubulin structure in ribbon diagram. The direction of the microtubule axis
and protofilament is indicated by the arrow. The polarity of the αß-tubulin dimer is always αTubulin on the negative side and ß-tubulin on the positive side [130].

The reversible assembly-disassembly was observed up to pH 8.3. ß-tubulin was found to
be an inducing factor in foam cell formation that causes a cardiovascular disease called
atherosclerosis [133]. The conductivity of electrolyte solution is found to be increased by 23%
using microtubules (212 nM tubulin) and decrease by 5% using tubulin dimers (42 nM) [134].
Tubulin concentration was measured using absorption coefficient at 278 nm using a
spectrophotometer [135].
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5.3 Tubulin Aggregation and Charge Distribution
The aggregation of tubulin was found to be induced by divalent cations such as Mg2+, and
Ca2+ [136]. Adding 0.5 M MgCl2 in 8 mg/ml tubulin at pH 6.5 has been observed to be
aggregated at room temperature in 10 minutes [136]. At proper conditions, aggregated tubulins
wrapped around and formed microtubule-like structures (Figure 5.2). Self-assembled
microtubules are formed with 12-17 protofilaments in vitro whereas 13 protofilaments in vivo.
At physiological pH 7.4, tubulins are highly negatively charged and charge density is higher in
the C terminal [137]. The predicted isoelectric point of tubulin protein is ~4.1 (Figure 5.3).

Figure 5.2: (a) Aggregated α-and ß-tubulins are wrapped into ideal spiral helical microtubules
(top) and defective microtubules (bottom) known as a seam, (b) inner and outer diameters of
microtubules, vertical columns are known as protofilament [137].

Below pH 4.6, tubulin is positive while above pH 4.6 it is negatively charged. Tubulin
dimers are ~5 nm in size with an extension of C terminal ~4.5 nm, the inner and outer diameter
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of microtubules are ~15 nm and ~25 nm, respectively (Figure 5.4). The microtubule surface is
net negatively charged (Figure 5.5). According to the numerical model, microtubules are capable
of interacting with other charged molecules at a distance of ~5 nm [138].

Figure 5.3: Tubulin charge at different pH [137].

Figure 5.4: Microtubule cross-sectional structure based on the numerical model [139]. (a) Cterminal dimensions, (b) microtubule cross-section, and (c) tubulin heterodimer in protofilament.
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Figure 5.5: Predicted charge density on microtubule surface using a numerical model. (a) The
outer surface is not negatively charged, (b) negative end of microtubule, (c) positive end of
microtubule [140].

5.4 Tau-Tubulin Aggregation
α-tubulin plays a critical role in a major part of the tau binding sites with microtubules. In
tau and tubulin interactions, tau protein resides proximity to the H12 helix of tubulin [141].
Aggregation of tubulin was found to be induced by adding 0.1 μM – 50 μM vinblastine to 1 μM
tubulin at 37 °C for less than 15 minutes [142]. The binding of tau with tubulin was tested in the
presence of vinblastine and the group found that tubulin and tau aggregated to spiral structures
[142]. Microtubules were found aligned parallel to the applied electric field due to dipole
orientations. Microtubule conductivity was calculated as 1.5 ± 0.1 mS/m which was 15 times
higher than the nearby medium conductivity [143]. The highly negative surface of microtubules
is thought to be attractive to the surrounding counter ions which increase the conductivity of the
microtubules by applied electric field [143]. Tau is found to bind with C terminal tails of tubulin
dimers using electrostatic interactions to form a microtubule [144].
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5.5 Materials and Sample Preparation
Recombinant human α-tubulin (molecular weight 36 kDa) was purchased from Novusbio
and recombinant human β-tubulin (molecular weight 48 kDa) from Abcam [145][146]. Human
recombinant α-tubulin and β-tubulin genes were expressed in E. coli to produce protein samples.
The samples were prepared in 100 mM PBS buffer at pH 7.4. Aggregation of α-tubulin and βtubulin was induced by adding 0.5 M MgCl2 with α-tubulin: β-tubulin (1:1) solutions at pH 7.5 at
room temperature for 30 minutes. The aggregation of αβ-tubulin and tau was induced by adding
1mM MgCl2 with 2 μM tubulin dimer: 2 nM tau (1000:1) at pH 7.4, 20 °C. Desired aggregations
were grown within 3-5 hours.
5.6 Results and Discussion
In this work, first α-tubulin, β-tubulin, and tau monomer translocations were measured
using ~6 nm nanopore at pH 7.4 ( for α and β-tubulin) and pH 9.5 (for tau ). Applied voltage
ranges from 60-210 mV and electrolyte solution was 1.6 M KCl + 20% glycerol. Glycerol was
used to slow the translocation time for better time resolution. The electrolyte solution and
applied voltages were the same for all the experiments described in this section. In the next step,
aggregation of α and β-tubulin was measured using ~10 nm nanopore at pH 7.4. The aggregation
of αβ tubulin-tau complexes was measured using a ~30 nm nanopore. The final concentration of
the protein sample was ~200 nM. Standard protocols for nanopore experiments were followed
for every experiment. Current blockage traces of α-tubulin monomer, αβ-tubulin dimer and αβtubulin-tau aggregations are shown in Figure 5.6 (a-c). The current blockage events for
aggregated proteins were larger than for the monomers. Predicted current drops were in good
agreement with the experimental values (Table 5.1). Distributions of current blockage events
(scatter plot) for α-tubulin, β-tubulin, and tau monomers are shown in Figure 5.7 (a-f).
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Figure 5.6: Current drop traces of (a) α-tubulin monomer, (b) αβ-tubulin dimer, and (c) αβ
tubulin + tau aggregations.

Table 5.1: Predicted and experimental current blockages for protein samples at 60-210 mV.
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Figure 5.7: The event distributions (scatter plot) of α-tubulin, β-tubulin, and tau monomers at (a)
60 mV, (b) 90 mV, (c) 120 mV, (d) 150 mV, (e) 180 mV, and (f) 210 mV.
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The densities of current blockage distributions of tau and β-tubulin were in the same
range because of their nearly equal molecular weights, 46 and 48 kDa. The molecular weight of
α-tubulin is 36 kDa. So, the distributions for α-tubulin were seen slightly lower than tau and βtubulin. The distributions shifted to higher values with the increase in applied voltages (Figure
5.7). The peaks of the current blockage histograms for α-tubulin, β-tubulin, and tau monomer
translocations shifted to higher values with applied voltages (Figure 5.8) as expected. The time
duration peaks of α-tubulin, β-tubulin, and tau slowly decreased with increase in applied voltage
(Figure 5.9). The time behavior, in this case, was found ohmic which was not seen in all
experiments. These weird behaviors of time durations required further investigation. The
aggregation of αβ-tubulin was expected as dimeric and current distributions were concentrated in
the range 100-400 pA (Figure 5.10 (a)).
The range was almost twice the ranges of α-tubulin and β-tubulin monomers. Current
drop peaks linearly increased with an increase in applied voltage (Figure 5.10 (B)). The
magnitude of current drop was about twice the current drop of α-tubulin and β-tubulin
monomers. Time duration peaks slightly decreased with voltage increment as expected (Figure
5.10 (c)). The magnitude of current drops of αβ-tubulin indicated dimeric aggregations as
expected. The density of current drops of αβ-tubulin-tau complexes was observed high in the
range 90-300 pA (Figure 5.11 (a)). This wide range was an indication of multiple heterogeneous
aggregations. Current drop peaks in the histograms of αβ-tubulin-tau complexes increased
linearly with the increase in applied voltage as expected (Figure 5.11 (b)). Time duration peaks
slightly increased with an increase in applied voltage (Figure 5.11 (c)). Excluded volumes for
monomer and aggregated proteins were calculated using Equation 3.22. First, the ratios of
current blockage amplitudes (ΔIb) and open-pore currents (ΔIb /I0) were calculated for monomer

66

Figure 5.8: Current drop histograms (left) and current drop amplitudes as a function of applied
voltage (right) for translocation of α-tubulin, β-tubulin, and tau monomers at 60 – 210 mV, (a) αtubulin, (b) β-tubulin, and (c) tau. Solid curves represent Gaussian fitted lines.
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Figure 5.9: Time duration histograms (left) and time amplitude as a function of applied voltage
(right) of monomer proteins at 60-210 mV, (a) α-tubulin (b) β-tubulin, and (c) tau. Solid curves
represent Gaussian fitted lines.
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Figure 5.10: Translocation of αβ-tubulin aggregation plots at 60 – 210 mV in 1M KCl, pH 7.4 (a)
Scatter plot, (b) current drop histograms (left) and current drop amplitudes as a function of
applied voltages (right), (c) time duration histograms (left) and time duration amplitudes as a
function of applied voltages (right). Gaussian fitted lines are represented as solid curves.
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Figure 5.11: Translocation of αβ-tubulin+tau aggregation plots at 60 – 210 mV in 1M KCl, pH
7.4. (a) Scatter plot, (b) current drop histograms (left) and current drop amplitude as a function of
applied voltage (right), (c) time duration histograms (left), and time duration amplitude as a
function of applied voltage (right). Gaussian fitted lines are represented as solid curves.
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and aggregated proteins. Then, the ratios were multiplied by the volume of nanopores to estimate
excluded volumes at translocations. Nanopore volumes were calculated by multiplying pore area
with effective thickness. Effective thickness was the extended thickness beyond nanopore
thickness due to the fringing effect of the electric field at the edges of nanopores. Effective
thickness was estimated from the slope of linear fitted curves (I-V plots) from open-pore plots
(Figure 5.12). The excluded volume plot as a function of the applied voltage is shown in Figure
5.13. Shape factors (γ) were not used in volume calculations because the shapes of the protein
samples were not specific.

Figure 5.12: Open pore current as a function of applied voltage (60-210 mV). Nanopore diameter
used for α-tubulin, β-tubulin, and tau monomers translocation was ~6 nm. Nanopore diameters
for translocations of αβ-tubulin and αβ-tubulin+tau aggregations were ~10 nm and ~30 nm,
respectively.
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Figure 5.13: Excluded volume as a function of applied voltage for monomers and aggregations
of α-tubulin, β-tubulin, and tau protein. Shape factors were not used to calculate excluded
volume.

Theoretical volumes of α-tubulin, β-tubulin, and tau were estimated as 30 nm3, 36 nm3,
and 55 nm3, respectively. Without shape factors, the volumes of α-tubulin, β-tubulin, and tau
were 68%, 61%, and 64% of their theoretical volumes. The excluded volumes decreased with
increase in applied voltages. The rate of decrease was faster for aggregated than monomer
proteins. The result showed that aggregated proteins denatured more rapidly in ionic solutions by
the application of external voltages. Excluded volume decrease with applied voltage was
detected for all of the protein samples in this research. This technique can be used as a tool to
reduce in vitro protein aggregations. Further investigations will be required to find protein
structural changes by applied voltages.
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5.7 Explanation of Translocation Time
Translocation time or dwell time was described by the following equation [147],
𝐶𝑓 𝜂𝐻 2 𝑒𝑓𝑓
𝑡𝑑 =
𝑉𝑄

(Equation 5.1)

where 𝐶𝑓 is a friction coefficient, 𝐶𝑓 = 6𝜋𝑟 [148], 𝜂 is the viscosity of the solution, 𝑄 is the net
charge of the molecule, 𝑟 is the radius of the spherical molecule, 𝑉 is the applied voltage, and
𝐻𝑒𝑓𝑓 is the effective thickness of the nanopore. For a specific salt concentration and applied
voltage, the ratio

𝐶𝑓 𝐻 2 𝑒𝑓𝑓
𝑄

in Equation 5.1 will change for different samples. Using net charges of

individual protein samples (Table 5.2), the value of the ratio for all monomer and αβ-tubulin
dimers were nearly equal. In Figure 5.14, time durations for these protein samples were similar
as expected. Protein calculators [149] were used to estimate net charges. However, the model
failed to explain the time duration for αβ tubulin-tau aggregations because of the unavailability
of the net charge of aggregations.
Table 5.2: Molecular weight, isoelectric points, pH, net charges, and volumes of protein samples.
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Figure 5.14: Time duration as a function of applied voltage for monomer and aggregated
proteins.
5.8 AFM Measurement
To find the consistencies of nanopore results, the size of α-tubulin, β-tubulin, and tau
monomers and aggregated proteins were measured using atomic force microscopy (AFM). First,
mica disks were treated with 1M MgCl2 for 1-2 hours. This allowed mica to form a layer that
would bind with protein molecules. 5-10 μL protein samples were put into mica surface
dropwise. The samples were left for 1-2 hours for proper binding with the MgCl2 layer. In the
next step, the mica surface was washed dropwise with DI water. The process was repeated 5-6
times to remove unnecessary MgCl2 from the mica disk. Finally, mica disks with protein samples
were put into a desiccator box with continuous nitrogen flow overnight. Dried protein samples
on the mica disk were scanned using non-contact or AC mode AFM (Agilent 5500 AFM) [150].
Cross-sectional heights of the protein samples were measured to detect protein
aggregations using AFM [151]. In Figure 5.15, the images of α-tubulin, β-tubulin, and tau
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Figure 5.15: Visualization of protein monomers and their aggregations by AFM scanning (left)
and distributions of cross-sectional heights (right) for monomer and aggregated proteins. (a) αtubulin, (b) β-tubulin, (c) tau, and (d) αβ tubulin+tau aggregation.

monomers and αβ-tubulin-tau complex are shown on the left and the distributions of crosssectional heights are shown on the right. The distributions were fitted to Gaussian and the mean
heights of the samples were estimated from the fitted lines. Mean cross-sectional heights of αtubulin, β-tubulin, and tau were 2.74 ±1.3 nm, 2.26 ±0.95 nm, and 3.4 ±2.8 nm, respectively
(Figure 5.15 (a-c)). The mean cross-sectional height of the αβ-tubulin-tau complex was estimated
as 11.7 ±2.7 nm Figure 5.15 (d). Comparing cross-sectional heights, it was estimated that the
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αβ-tubulin-tau aggregations were pentameric to hexameric. The results were consistent with
nanopore measurements.
5.9 Conclusions
Comparing excluded volumes of monomer and aggregated proteins, the results showed
that the aggregations of αβ-tubulin and αβ-tubulin-tau complex were dimeric and pentameric to
heptameric, respectively. Here, excluded volumes were calculated using the current drop of
monomer and aggregated proteins. The results showed that excluded volumes decreased with
increase in applied voltage. The rate of volume decrease was higher for aggregated proteins than
monomers. The result indicated that in vitro protein aggregations can be denatured using bias
voltage. This technique can be used to destroy protein aggregations. The experiments were
performed in 1 M KCl solution at pH 7.5. But physiological salt concentration and pH are ~150
mM and 7.4, respectively. This work focused on the sensitivity of solid-state nanopore in the
detection of protein aggregation in an ionic solution. KCl concentration was fixed at 1M to avoid
disruption in protein aggregations. In this case, the protocols of other groups were followed. Tau
and tubulin aggregations at physiological conditions will enhance understanding of protein
aggregation mechanisms in a live cell. Further investigations will allow the feasibility of using
bias voltage to abolish protein aggregations in the live-cell model to be tested.
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Chapter 6: ß-lactoglobulin Protein (BLG)
6.1 Introduction
ß-lactoglobulin is a small protein of molecular weight 18.3 kDa and 162 residues, mainly
found in ruminants and other mammals [152][153]. The sample of BLG was extracted from
bovine milk. The isolation and purification of BLG from cow’s milk are briefly explained in
reference [154]. The location of the BLG gene is at bovine chromosome 11 [155]. Bovine ßlactoglobulin gene is polymorphic which means it has genetic variations. Two major variations
are A and B, there is a third variation C which is less prevalent [156]. Changes in milk
compositions are linked to the genetic variations in ß-lactoglobulin protein [157]. The exact
functions of ß-lactoglobulin are still unknown but they are found to bind and carry different
hydrophobic molecules such as peptides, vitamins, and fatty acids [158]. BLG is also found to
modulate the immune response and excite cell production [159].
6.2 BLG Structure
ß-lactoglobulin is an extracellular protein in the lipocalin protein family [160]. The
protein consists of eight antiparallel and additional ß sheets, ß barrel, and α helices. The eight ß
strands are denoted by A-I in Figure 6.1. They undergo twisting to form ß barrel inside the
protein. The loop between H and I ß-sheets is connected by a three turned α helix (Figure 6.1).
Besides, four segments of α helix are found in four connecting loops. Two of the fragments are
connected to the AB loop, one connects with the GH loop, and the other one connects with HI
loop (Figure 6.1). I ß-sheet is conserved in a monomer state and used to form a dimer interface
[161]. The F, G, and H ß-sheets are found to be stiffer than the other parts of the molecule. The
hydrophobic center of the molecule is strongly bounded by the Van der Waals force.
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Figure 6.1: Ribbon diagram of BLG protein, ɑ helices, ß strands, and joining loops are shown in
the diagram [162].
6.3 BLG Aggregation
According to the BLG aggregation model, the aggregation of BLG is executed in three
steps. The first step is an initiation where dimers are separated into monomers and some
intermediate protein molecules, the second step is propagation where aggregation of proteins is
formed, the last step is the termination where the aggregates disappear at the same rate as the
intermediate formed in the initiation step [163]. Using circular dichroism and fluorescence
spectroscopy, early-stage BLG aggregation was found as a typical globular shape [164]. Threestep aggregation of BLG is confirmed using dynamic light scattering, atomic force microscopy,
and luminescence experiments [165]. First, the monomers were found to be aggregated into
weak dimers, the dimers are then aggregated into stable spherical forms which are eventually
converted to protofibrils and continued to the growth phase [165]. BLG is a globular protein and
the charge density of globular protein is mostly dependent on pH. Change in pH allows proteins
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to interact electro-statically and changes their structure which leads to aggregation [166]. Two
types of aggregations were found at different pH ranges; amyloid fibril-like aggregates at pH far
from the isoelectric point (5.2) and spherical-like aggregates at pH closer to the isoelectric point
[167]. At neutral pH, BLG was found as dimers and below pH 3.0, BLG exists as monomers
[168]. Among lipocalin proteins, BLG was found to be ligand-binding, a transporter of
hydrophobic molecules, and as enzyme regulator.
Structural changes induced by pH were observed in BLG and acacia gum complexes.
Positive charge density was found to be increased at pH 4.7 [169]. Studies on native state BLG
aggregation below room temperature at pH 3.7-5.2 found that self-association of BLG forms
large oligomers which are maximum at pH 4.6 [170]. BLG aggregations induced by heat were
found to be formed in the pH range 6.4-8.0 [171]. At neutral pH and room temperature, BLGs
were found to generate concentration-dependent soluble aggregates which were larger than
dimers [172]. Uneven aggregation at room temperature was observed near pH 4.6 which was just
below the isoelectric point, 5.2. At pH 5.0, the aggregations were found to increase with a
decrease in ionic strength [173]. Higher ionic strength restrains aggregation due to less
electrostatic interaction caused by the screening effect. The pH and ionic strength-dependent
aggregations of BLG were found to be originated from electrostatic interactions between dimers
(Figure 6.2). The increase of salt concentration at room temperature contributed to the stability of
multimeric BLG aggregation [174]. At pH 3.0, adding salts such as sodium chloride (NaCl),
potassium chloride (KCl), and sodium perchlorate (NaClO4) below 1M stabilized BLG dimers
(Figure 6.3) [175]. The rate of aggregation below the isoelectric point is dependent on local
charge density. The aggregation of BLG A and BLG B were different under the same condition
[176]. Changing pH from 8.5 to 4.5, BLG were found aggregated as different multimers [177].
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The sizes of BLG measured by dynamic light scattering range from 4-7 nm at pH 2-10 in
concentration ranges of 1-15 μM [178]. At pH closer to the isoelectric point, BLG molecules
form monolayers and repulsive electrostatic interactions. The interaction creates foams on the
air-molecule interface of the solution [179]. The aggregation of BLG is capable of growing in
micron size and gradually turns to fibrillary gels.

Figure 6.2: A simple diagram explaining electrostatic attraction between two BLG dimers A and
B that form aggregation [173].

Figure 6.3: The interface of BLG dimer, (a) side and close view and (b) top and close view. The
hydrogen bond between two monomers is shown in the diagram [175].
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At pH closer to the isoelectric point, BLG molecules form monolayers and repulsive
electrostatic interactions. The interaction creates foam on the air-molecule interface of the
solution [179]. The aggregation of BLG is capable of growing to micron size and gradually turns
to fibrillary gels similar to the amyloid fibrils of many neurodegenerative diseases. The increase
in BLG concentration increases heat-induced aggregation at neutral pH [180]. The dynamics of
BLG proteins are governed by electrostatic properties and most of the BLG molecules are
dimeric in conditions associated with milk and food processing [181]. At 80 °C, non-native
monomer proteins are formed at pH 6 and 8 due to change in tertiary structures [182]. Twisted
and straight fibril type aggregation with diameters 8-10 nm are observed under TEM microscope
when BLG ~55 μM is incubated with 3M urea for 30 days at 37 °C [183].
6.4 Materials and Sample Preparation
BLG protein as a lyophilized powder (250 mg) was purchased from Sigma Aldrich [184].
BLG was extracted from cow’s milk. The molecular weight of BLG was 18.4 kDa. The purity of
the sample was ≥90%. The genetic variant of the sample was BLG A. Powdered BLG was
prepared in 100 mM PBS buffer at pH 7.0. At pH 7.0, BLG protein in buffer solution grew into
stable dimers. BLG aggregations were prepared at pH 4.6 in acetate buffer. BLG (~50 μM) in100
mM acetate buffer was kept at pH 4.6 for 2-3 hours at 40 °C. At this condition, BLG proteins
were self-aggregated in the buffer solution. The aggregated proteins were diluted to ~200 nM for
nanopore translocation experiments.
6.5 Results and Discussion
In this work, current drop and time duration of dimeric and aggregated BLG were
measured as a function of applied voltage. The nanopores used in this work ranged from 10-18
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nm in diameter. First, dimeric proteins in 100 mM phosphate buffer at pH 7.0 were translocated
in 0.1M and 2M KCl solutions by an applied voltage range of 60-300 mV. In the next step, the
proteins were translocated through ~18 nm pore in 0.1M and 2M KCl by an applied voltage
range of 60-300 mV. The distributions of current blockage events in 0.1M KCl at pH 7.0 shifted
to higher values as expected. The current blockage distributions ranged from 50-150 pA. The
peaks of the current blockage distributions increased very slowly with the increase in applied
voltage (Figure 6.4 (b)). On the other hand, time duration peaks decreased sharply with the
increase in applied voltage as expected. Current distributions for aggregated proteins in 0.1M
KCl at pH 4.6 shifted to higher values like dimer proteins at pH 7.4. The range of distributions,
50-300 pA, was higher because of the aggregations.
Both current blockage peaks (Figure 6.5 (b)) and time duration peaks (Figure 6.5 (c))
linearly increased with the increase in applied voltage. The error bar for time duration peaks
increased for >200 mV. The current blockage distributions for 2M KCl at pH 7.0 ranged from
50-250 pA and shifted toward higher values with the increase in applied voltage (Figure 6.6 (a)).
At high salt concentration, higher current drops were observed for dimeric BLG at pH 7.0.
Current blockage (Figure 6.6 (b)) and time duration (Figure 6.6 (c)) peaks both increased with
applied voltage. For aggregated protein in 2M KCl at pH 4.6, current blockage distributions
ranged from 100-500 pA (Figure 6.7 (a)). The shift in current blockage distribution was the same
as before. Current drop peaks sharply increased with applied voltages as expected (Figure 6.7
(b)). Time duration peaks linearly decreased with applied voltage (Figure 6.7 (c)). Excluded
volumes were 2-3 times larger for aggregated protein than monomers. The result showed that the
aggregation in both 0.1M KCl and 2M KCl were tetrameric-hexameric (Figure 6.8). Open-pore
currents and TEM images of the nanopores are shown in Figure 6.9. Open-pore currents were
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fitted to straight lines and the slope of the line was used to estimate the effective thickness of the
nanopores.

Figure 6.4: Translocation of BLG monomer proteins in 0.1M KCl, pH 7.0 at 60 – 300 mV. (a)
Event distributions (scatter plots), (b) current drop histograms(left) and current drop amplitudes
as a function of applied voltages (right), (c) time duration histograms(left) and time duration
amplitudes as a function of applied voltages (right). Gaussian fitted lines are represented as solid
curves.
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Figure 6.5: Translocation of BLG aggregated protein in 0.1M KCl, pH 4.6 at 60 – 300 mV. (a)
Event distributions (scatter plots), (b) current drop histograms (left) and current drop amplitudes
as a function of applied voltages (right), (c) time duration histograms (left) and time duration
amplitudes as a function of applied voltages (right). Gaussian fitted lines are represented as solid
curves.
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Figure 6.6: Translocation of BLG monomer protein in 2M KCl, pH 7.0 at 60 – 300 mV. (a)
Event distributions (scatter plots), (b) current drop histograms (left) and current drop amplitudes
as a function of applied voltages (right), (c) time duration histograms (left) and time duration
amplitudes as a function of applied voltages (right). Gaussian fitted lines are represented as solid
curves.
85

Figure 6.7: Translocation of BLG aggregated protein in 2M KCl, pH 4.6 at 60 – 300 mV. (a)
Event distributions (scatter plots), (b) current drop histograms (left) and current drop amplitudes
as a function of applied voltages (right), (c) time duration histograms (left) and time duration
amplitudes as a function of applied voltages (right). Gaussian fitted lines are represented as solid
curves.
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Figure 6.8: Excluded volumes of BLG dimer and aggregated proteins as a function of applied
voltage. Shape factor (γ) was not used in volume calculations.

Figure 6.9: Open pore current as a function of applied voltage (left). Negative voltages were
applied at pH 4.6 since the net charge of BLG protein was positive. On the other hand, positive
voltages were applied at pH 7.0 since the net charge of BLG was negative. TEM images of ~10
nm and 16 nm x 18 nm nanopore (right).
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6.6 Dynamic Light Scattering (DLS) Measurement
In the dynamic light scattering technique, protein molecules in buffer solution were
illuminated by a vertically polarized coherent light. The scattered light from the interaction
between light and protein molecules was recorded and analyzed to estimate the size of the
protein molecules. For the wavelength of the incident light greater than the size of the molecules,
individual molecules acted as a dipole and radiated light in the form of scattered light. The
intensity of the scattered light is correlated to the size, molecular weight, radius of gyration,
diffusion coefficient, and so on [185]. For the DLS measurement, BLG proteins ~100 nM at pH
7.0 and 4.6 were prepared in 100 mM PBS buffer with 0.1 M KCl. A protein sample ~1 ml on a
glass tube was positioned on a toluene-filled scattering chamber.
The scattering chamber was mounted on a goniometer (BI-200SM) [186]. In the next
step, vertically polarized and collimated He:Ne laser beams were shined on the sample. A
photomultiplier tube was used to collect the light scattered at 90 degrees to the incident light
direction [187]. Intensity auto-correlation functions were measured using the output of the
photomultiplier. The correlation functions were analyzed and fitted to different models using
Brookhaven BI-9000AT software [188] integrated into the DLS measuring system. The intensity
auto-correlation functions and protein diameters are shown in Figure 6.10. According to cubic
fitted data, diameters of dimeric BLG protein at pH 7.0 and aggregated BLG proteins at pH 4.6
were estimated as 3.9 nm and 16.5 nm, respectively. By comparing the diameters of both protein
samples, tetrameric aggregations of BLG protein at 0.1 M KCl solution were found. The result
was consistent with the nanopore results on BLG aggregation at 0.1 M KCl. DLS experiments on
BLG proteins at 2 M KCl did not work well.
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Figure 6.10: Intensity auto-correlation functions of vertically polarized light and protein sizes.
BLG proteins at (a) pH 7.0, and (b) pH 4.6.
6.7 Conclusions
A previous study confirmed that the native state of BLG protein at pH 7.0 is dimeric
[181]. Results here showed that the self-association of BLG protein at pH 4.6 in 0.1 M KCl was
close to hexameric and at 2 M KCl tetrameric. Here, lower salt concentrations were found to
catalyze aggregations. The result was in contrast with tau protein. Every protein behaved
differently under similar conditions. Different surface charges and molecular structures could be
responsible for these phenomena. Further investigations will allow the factors behind BLG
aggregations to be revealed. Aggregation of BLG resembled amyloid-beta (Aβ) protein
deposition in the grey matter of the human brain in Alzheimer’s disease. Since the solid-state
nanopore technique was highly sensitive in the detection of BLG aggregation, it can be used to
study amyloid-beta (Aβ) aggregations. The results will develop an understanding of amyloidbeta aggregation mechanisms in Alzheimer’s disease.
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Chapter 7: Summary and Future Study
In this work, solid-state nanopores (6-30 nm in diameter) were used to detect
aggregations of different proteins. Tau and tubulin proteins were directly related to several
neurodegenerative diseases. β-lactoglobulin protein was used as a model protein for amyloidbeta (Aβ) protein in Alzheimer’s disease. The solid-state nanopore was sensitive enough to
detect all the protein monomers and their aggregations in an ionic solution. The results showed
that the solid-state nanopore device can be used as a diagnostic tool to measure protein
aggregations in neurodegenerative diseases. The results also demonstrated that changing pH
causes protein molecule conformational changes and a higher electric field denatures protein
aggregations. These techniques can be used to control and reduce protein aggregations. The
experiments were performed in ionic solutions. So, further investigations will be needed to test
the results in the live-cell model. Protein aggregations in vitro are far different from aggregations
in a live cell. Future experiments should investigate protein aggregations in vivo using a solidstate nanopore.
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Appendix A: Description of Research for Popular Publication
Proteins are the building block and worker molecule of all living organisms. Proteins are
produced by molecular machinery, such as DNA, mRNA, and ribosome inside our cells. Proteins
undergo several conformational changes to construct a fully functional three-dimensional
structure. Disruption in this process by external or internal factors causes proteins to transform
into misfolded structures. Primarily, these misfolded proteins aggregate inside the cell.
Eventually, the aggregate grows large and destroys the cell. The aggregate then grows outside
the cell and merge surrounding misfolded proteins. These aggregates deposit on certain areas
inside the brain and block communications between surrounding neurons. Protein aggregations
are one of the leading causes of many neurodegenerative diseases, such as Parkinson’s, Pick’s,
prion, Alzheimer’s, and so on.
Measurement of aggregation states will provide a better understanding of disease stages
and help in diagnosis. One of the biggest drawbacks of existing technologies is the inability to
measure protein aggregations in their native states. A solid-state nanopore is one of the gamechanging technologies which is capable of measuring single molecules in ionic solution without
interfering with their physiological states. The exquisite sensitivity of a solid-state nanopore
requires only ~10 μl sample at ~100 nM concentration. Besides, a solid-state nanopore can be
integrated into a MEMS device to make point-of-care diagnostic tools for detecting protein
aggregation. Several fabrication techniques, such as photolithography, low-pressure chemical
vapor deposition, focused ion beam, and ion beam sculpting were used to fabricate desired sizes
of nanopores for protein aggregation experiments. Nanopores were aligned between two
electrolyte solution-filled chambers. A bias voltage was applied across the nanopore to drive
protein molecules through the nanopore from one chamber to another. The molecules block ionic
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currents while translocation occurs through a nanopore. The ionic current blockage is
proportional to the volume of translocated protein molecules. The current blockage signal is a
signature of the size of the molecules.
The research demonstrated that solid-state nanopores were highly sensitive in detecting
protein molecules in ionic solutions at different bias voltages, pH, and salt concentrations. The
capability of detecting protein molecules in various conditions will allow researchers to explore
factors influencing protein aggregations at physiological conditions. Current fabrication
techniques can efficiently fabricate nanopores with a range of diameters. Solid-state nanopores
with bigger diameters are capable of detecting higher-order aggregations. Generally, higherorder aggregations take longer formation times. So, measuring higher-order aggregations can
predict whether the disease is chronic or not. Further research in this field will allow a better
understanding of the mechanisms of protein aggregations. The knowledge will lead us to find
techniques to interrupt aggregation formation and cure neurodegenerative diseases.
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Appendix B: Executive Summary of Newly Created Intellectual Property
The research produces the following intellectual property elements that can be considered
for both patent and commercialization.
1. Protein aggregation detection using silicon nitride nanopores (6-30 nm in diameter)
and PDMS microfluidic channel.
2. Changing pH in tau protein solutions was found correlated with the protein’s
conformational changes. These techniques can be used to manipulate protein
aggregations in the live cell model.
3. Higher applied voltages were found to denature protein aggregations in ionic
solutions. This technique can be applied in live cells to reduce protein aggregations.
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Appendix C: Potential Patent and Commercialization Aspects of Listed Intellectual Property
Items
The aspects for the potential patent and commercialization of protein aggregation
detection using solid-state nanopore were considered as follows.
C.1 Patentability of Intellectual Property (Could Each Item be Patented)
1. Silicon nitride nanopores using ion beam sculpting technique are used by several
research groups. Thus silicon nitride nanopore cannot be patented. However, the
design of microfluidic channels using PDMS was unique, thus can be patented.
2. The intellectual property associated with molecule conformational changes by
changing pH of protein solution can be patented as a potential technique to
manipulate protein aggregations in vitro. However, patent processing cannot be
started because current data can not provide fidelity.
3. The intellectual property associated with protein aggregation denaturation by applied
voltage or electric field has a patent potential. However, patent processing cannot be
started because current data can not provide fidelity.
C.2 Commercialization Prospects (Should Each Item Be Patented)
1. Besides protein aggregation detection, our PDMS microfluidic chambers with
integrated nanopore can be used for varieties of experiments, such as DNA
sequencing, detecting pathogens, nanoparticle size characterization, and cancer cell
detection. The commercialization of this product is currently limited to the research
fields. The distribution of this product in the potential markets requires a
commercialization strategy.
2. Protein conformational changes induced by pH changing can be used as a tool to
manipulate protein aggregates in buffer solutions. Proteins in buffer solutions at
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different pH can be commercialized for research labs.
3. In our experiments, Axopatch molecular device was used to apply external voltages
to the protein samples in an ionic solution. We do not have the capability to
manufacture voltage applicators for nanopore experiments. So, this technique cannot
be commercialized.
C.3 Possible Prior Disclosure of IP
The items that could impact the patentability of the listed IP due to public discussion and
publication are listed as follows.
1. The resuls of protein aggregation detection using solid-state nanopore and PDMS
microfluidic channel were published and discussed in Biophysical society 64th annual
meeting, San Diego, CA, on February 15, 2020. So, the IP associated with protein
aggregation detection using solid-state nanopore can not be patented.
(M.C. Acharjee, H. Li, J. Li, “Detection of Tubulin and Tau Proteins Aggregations
using Solid-State (silicon nitride) Nanopore and Atomic Force Microscopy (AFM)”,
Biophysical society 64th annual meeting, San Diego, CA, USA, February 15, 2020.
DOI: 10.1016/j.bpj.2019.11.2628)
2. The results of pH change in tau protein were published and discussed in Biophysical
Society 63rd annual meeting, Baltimore, Maryland, on March 02, 2019. So, the IP
associated with tau protein conformational change with the change of pH can not be
patented.
(M.C. Acharjee, H. Li, J. Li, “Electric Field and Ionic Strength Dependent
Translocation of Tau Protein Through Solid-State Nanopore”, Biophysical Society
63rd annual meeting, Baltimore, Maryland, USA, March 02, 2019. DOI:
10.1016/j.bpj.2018.11.816)
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3. The results of applied voltage on protein aggregations were published and discussed
in both 63rd and 64th Biophysical society annual meetings. So, the IP associated with
applied voltage on protein aggregations can not be patented.
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Appendix D: Broader Impacts of Research
D.1 Applicability of Research Methods to Other Problems
Almost all of the pathogenesis involved in neurodegenerative diseases were found related
to protein aggregation. The experimental results generated in this research will support
understanding the protein aggregation process. The nanopore molecular sensing technique allows
protein aggregation detection in their native states. The results could be used to help the
development of drugs or other therapeutic methods to cure neurodegenerative disease. Published
results will be highly beneficial to new researchers in this field to understand the aggregation
process and the factors involved in protein aggregations.
D.2 Impact of Research Results on U.S. and Global Society
The research not only helps in the diagnosis of neurodegenerative disease but also
demonstrates an alternative method to study protein molecules in their native states. The solidstate nanopore can be a valuable tool in biomedical and biomechanical engineering researche.
Sub- nanometer nanopores are capable of detecting protein amino acid sequences in real-time.
Another advantage of the nanopore detection system is the requirement of very low sample
volume (~10 μl, 100 nM). This will preserve samples for future use.
D.3 Impact of Research Results on the Environment
The experiments were bio-compatible and environment-friendly. There were no harmful
chemicals or tools used in this research. Most of the nanopores and microfluidic chambers were
re-used in the electrophysiological experiments. The chemicals used in this research were
handled and discarded according to the university biosafety protocols. There were no carbon
emissions in this research.
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Appendix E: Microsoft Project for MSEN PhD Degree Plan

113

Appendix F: Computer and Software Used
Computer #1
Model: Dell Precision T5500
Room: PHYS 119
Service Tag: DKW2BP1
Owner: Dr. Jiali Li
Software #1
Name: Microsoft Office 2013
Purchased by: University of Arkansas Physics Department.
Software #2
Name: Adobe Acrobat Reader DC 2021.001.20145
Purchased by: University of Arkansas
Software #3
Name: pClamp 10.2
Purchased by: Dr. Jiali Li
Software #4
Name: MATLAB R2018a
Purchased by: University of Arkansas
Software #5
Name: COMSOL Multiphysics 4.0
Purchased by: Dr. Jiali Li
Software #6
Name: Igor 5.0.5.7
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Purchased by: Dr. Jiali Li

Computer #2
Model: Dell Optiplex GX 260
Room: PHYS 124
Service Tag: 9X7TJ11
Owner: Dr. Jiali Li
Software #1
Name: LabView 7.0
Purchased by: Dr. Jiali Li
Software #6
Name: Igor 5.0.5.7
Purchased by: Dr. Jiali Li

Computer #3
Model: Dell Optiplex GX 260
Room: PHYS 125
Service Tag: H1WJ121
Owner: Dr. Jiali Li
Software #3
Name: pClamp 9.2
Purchased by: Dr. Jiali Li
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Appendix G: All Publications Published, Submitted, and Planned
G.1 Published
Peer-reviewed Journals
1. H. Kaur, S. Nandivada, M.C. Acharjee, D.S. McNabb, and J. Li, “Estimating RNA
Polymerase Protein Binding Sites on λ DNA Using Solid-State Nanopores”, ACS
Sens., 2019, 4 (1), pp. 100–109. DOI: 10.1021/acssensors.8b00976.
2. J. Houghtaling, C. Ying, O.M. Eggenberger, A. Fennouri, S. Nandivada, M.C.
Acharjee, J. Li, A.R. Hall, and M. Mayer “Estimation of Shape, Volume, and Dipole
Moment of Individual Proteins Freely Transiting a Synthetic Nanopore”, ACS Nano,
2019 May 28;13(5), pp. 5231-5242. DOI: 10.1021/acsnano.8b09555.
Conference Presentations
1. M.C. Acharjee, H. Li, and J. Li, “Detection of Tubulin and Tau Proteins Aggregations
using Solid-State (silicon nitride) Nanopore and Atomic Force Microscopy (AFM)”,
Biophysical society 64th annual meeting, San Diego, CA, USA, February 15, 2020. DOI:
10.1016/j.bpj.2019.11.2628
2. J. Li, C. Ying, S. Awasthi, T. Kalkus, M. C. Acharjee, and M. Mayer, “Protein Trapping
in a Nanopore Well”, Biophysical society 64th annual meeting, San Diego, CA, USA,
February 15, 2020. DOI: 10.1016/j.bpj.2019.11.971
3. S. Awasthi, J. Houghtaling, C. Ying, M. C. Acharjee, J. Li, and M. Mayer, “Nanopores
to Interrogate the Conformational Ensembles of Intrinsically Disordered Proteins on a
Single-Molecule Level ”, Biophysical society 64th annual meeting, San Diego, CA, USA,
February 15, 2020. DOI: 10.1016/j.bpj.2019.11.1276
4. M.C. Acharjee, H. Li, B. Ma, and S. Tung, “Characterization of Tau and Tubulin Protein
Aggregations using Solid-state Nanopore and Atomic Force Microscopy (AFM)”,
Arkansas Bioscience Institute (ABI) Fall symposium, Arkansas State University,
Jonesboro, AR, USA, September 25, 2019
5. M.C. Acharjee, H. Li, and J. Li, “Electric Field and Ionic Strength Dependent
Translocation of Tau Protein Through Solid-State Nanopore”, Biophysical Society 63rd
annual meeting, Baltimore, Maryland, USA, March 02, 2019. DOI:
10.1016/j.bpj.2018.11.816
6. M.C. Acharjee and J. Li, “Characterization of Protein Aggregation by Solid-state
Nanopore”. Biophysical Society 61st annual meeting, New Orleans, LA, USA, February
11, 2017. DOI: 10.1016/j.bpj.2016.11.2460.

116

G.2 Planned
Peer-reviewed Journals
1. M.C. Acharjee, J. Li, B. Ledden, B. Thomas, X. He, J. Giurleo, T. Messina, and D.
Talaga, “Characterization of protein aggregation and Amyloid growth by AFM, DLS, and
solid-state nanopores”, manuscript currently being revised for submission, partial data
presented at the 2017 Biophysics conference.
2. M.C. Acharjee, H. Li, B. Ma, S. Tung, and J. Li, “Characterization of aggregations of
tubulin and tau proteins using solid-state nanopore and AFM”, manuscript currently
being revised for submission, partial data presented at the 2020 Biophysics conference.
3. M.C. Acharjee and J. Li, “Electric field strength, pH and salt concentration-dependent
translocations of β-lactoglobulin protein through solid-state nanopore”, manuscript in
preparation.
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